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GENERAL INTRODUCTION 
Introduction 
It has been reported that approximately 37 million metric tons of forage protein were 
consumed by animals to produce an estimated 5.4 million tons of animal protein for human 
consumption every year in the United States (Pimental et al., 1980). Among animals, 
ruminants are the predominant forage utilizers (Wedin et al., 1975). Forages provide 83% of 
the protein requirements of beef cattle and 90% of the protein requirements of sheep (Griffith, 
1978). 
Forage protein serves as a source of metabolizable protein to the ruminant by 
providing both ruminally degradable protein for microbial growth, and some ruminally 
undegradable protein for intestinal digestion (Broderick, 1995). Because of rapid and 
extensive degradauon of forages in the rumen (Brown and Pitman, 1991), escape protein 
concentrations of forages are usually low (NRC, 1996). One approach to increase the amount 
of protein which reaches the small intestine is to improve efficiency of microbial protein 
synthesis in animals fed forages. 
Efficiency of microbial growth is dependent on amounts and types of nitrogen and 
carbohydrate sources of the diet (Stem et al., 1994), the feed intake by the animals 
(Djouvinov et al., 1994), as well as the concentrations of trace minerals and vitamins in the 
diet (Sniffen et al., 1987). Concentrations of nitrogen, fiber fractions and readily fermentable 
carbohydrates significantly differ between legume and grass species and even within legume 
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and grass species (Brown and Pitman, 1991). Although ruminal nitrogen degradation is 
extensive, low absolute quantities of ruminally soluble and degradable nitrogen may limit 
microbial growth in ruminants fed grass diets (Brown and Pitman, 1991). A lack of readily 
fermentable carbohydrate sources in forage is another limitation for optimal microbial growth 
(Baldwin and Denham, 1979). Therefore, the efficiency of microbial growth may be limited in 
forages for different reasons. Protein and readily fermentable carbohydrate supplementation 
of low-quality forages may improve the efficiency of microbial growth in animals. 
The objectives of this study were to quantify the amount and efficiency of microbial 
protein synthesis and determine the factors affecting the amount and efficiency of microbial 
protein synthesis in sheep fed forages of varying nutritive value with and without protein 
supplementation. 
Dissertation Organization 
This dissertation continues with a literature review followed by two separate papers 
that have been prepared from the data collected from research performed to partly fulfill 
requirements for the Ph. D. degree. Each paper is complete in itself and has an introduction, 
materials and methods, results and discussions, and bibliography. The closeness of the subject 
matter of the papers allowed a general discussion to be prepared. Additional procedures and 
results are shown in the appendices. Literature cited in the General Introduction are listed 
after the appendices. 
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Literature Review 
Protein Metabolism in Ruminant Animals 
Protein metabolism in ruminant animals is quite different from non-ruminants because 
of degradation and resynthesis of protein in the rumen by rumen microbes. 
Dietary protein in ruminant diets can be divided in to three fractions; rumen soluble 
nitrogen, rumen degradable nitrogen (NRC, 1996) and non-digestible nitrogen (Farquhar, 
1985). As ruminally degradable protein enters the rumen, rumen microbes (bacteria, 
protozoa, and fungi) start digesting them into peptides, amino acids, and eventually to 
ammonia (Hoover and Stokes, 1991). 
The major microbial communities in the rumen have been shown to hydrolyze protein 
(Hoover and Stokes, 1991). However, bacteria have been shown to have high proteolytic 
activities in the rumen (Kopecny and Wallace. 1982). Even though most commonly found 
proteases in the rumen are serine-, cysteine- and metalloproteases (Kopecny and Wallace. 
1982), cysteine proteases appear to be most prevalent in the mixed populations (Wallace and 
Brammal, 1985a). In addition to bacteria, protozoa and fungi also contribute to protein 
degradation in the rumen (Hoover and Stokes, 1991). Studies with faunated and defaunated 
animals have shown that when protozoa are present in the rumen, protein degradation 
increased (Rowe et al., 1985; Kayouli et al., 1986), suggesting that the proteolytic activity of 
protozoa may be similar to that of bacteria. The anaerobic rumen fungus, Neocallismastix 
frontalis, also produces a metalloprotease (Wallace and Joblin, 1985b). The protease from 
this organism hydrolyzes casein and the protein in a grass-fish meal substrate with a specific 
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activity equal to that of rumen bacteria (Wallace and Monro, 1986). Although most bacterial 
proteases are bound to the cell (Kopecny and Wallace., 1982), there are some species in 
which the activity is predominantly extracellular (Wallace and Brammal, 1985a). 
The combined proteolytic activities of bacteria, protozoa, and fungi, along with the 
synergism among different bacteria species (Wallace, 1985c) result in a very rapid degradation 
of protein in the rumen. As will be shown later, peptides accumulate in the rumen contents as 
degradation proceeds (Broderick et al., 1989). Although the rates of proteolysis exceeds 
hydrolysis of peptides, allowing the accumulation of peptides in the rumen, peptides are 
rapidly hydrolyzed, resulting in the appearance of free amino acids and ammonia in the rumen 
within minutes after feeding (Broderick et al., 1989) and peak ammonia production at about 1 
to 2 h post-feeding depending on the type of protein source (Broderick et al., 1989). 
With the degradation of proteins and carbohydrates, all nutrients required for microbial 
protein synthesis become available in the rumen within a short time after feed is offered. 
Then, microbes start assimilating the nutrients and increasing the rate of microbial growth in 
the rumen. Some of the important enzymes for assimilation of ammonia are glutamine 
synthetase, glutamate dehydrogenase, and aspargine synthetase (Erfle et al., 1977). However, 
the enzymes of ammonia assimilation as well as those for amino acid biosynthesis and 
utilization by rumen microbes may be regulated by the concentration of ammonia in the rumen 
(Erfle etal., 1977). 
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Figure 1. Pathway of degradation of intake protein to ammonia by microorganism in the 
rumen. Adapted from Broderick et al., (1989). 
As will be shown later, proteins which are not nominally degraded, pass into the small 
intestine where they are digested by host proteolytic enzymes similar to non-ruminant animals. 
Degradation of Dietary N and Factors Affecting the N degradation in Feed 
Fractionation of Dietary Protein 
Feed proteins have been divided into different fractions based on their degradability in 
the different sections of the digestive system of ruminant animals (Broderick et al., 1989: 
Farquhar, 1985; Sniffen et al., 1992). Most systems have fractionated proteins into three main 
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fractions including: a readily degradable protein (fraction a), a potentially digestible protein 
(fraction b) and an indigestible protein (fraction c; Broderick, 1987; Farquhar, 1985). 
Furthermore, researchers at Cornell University have divided fraction b further into two 
additional fractions that are slowly degradable or rapidly degradable (Sniffen et al., 1992). 
Different in vitro (Broderick, 1987) and in situ (Farquhar, 1985) techniques have been 
used to determine the amounts of the different protein degradation fractions. While these 
techniques have large differences in the sizes of fractions, and estimates of fraction c are 
usually very similar between these two techniques (Broderick, 1994). Both techniques have 
advantages and disadvantages. The advantage of the in vitro system is that it is easy to 
conduct. However, in viu-o systems do have some limitations, such as lack of absorption of 
end products and the utilization of ammonia-N for protein synthesis (Broderick, 1994). The 
in situ technique requires more work and involves a washing process, which results in large 
variation among laboratories and technicians (Wilkerson et al., 1995). Both the in vitro and in 
situ techniques place different protein sources in same order, in terms of fractionation 
Broderick, 1994). 
Factors Affecting the N Degradation in Feed 
In addition to the technique used for fractionation of feed proteins, many other factors 
have been shown to impact ruminal protein degradation (Farquhar, 1985; Waghom et al., 
1987; Weakley et al., 1989; Umunna et al., 1995). Factors affecting protein degradation can 
be divided into two groups: animal-plant and treatment factors. 
7 
Animal-Plant Factors. Although ruminal microflora are very similar among ruminant 
species, each animal has some unique characteristic, which may result in differences in protein 
degradation in the rumen even with similar diets. Wilkerson et al. (1995) conducted a 
collaborative experiment to determine the factors affecting in situ protein degradation. It was 
concluded from this experiment that animals contribute the least variation (approximately 5%) 
among the feeds evaluated. Similarly, Weakley et al. (1989) reported a 1.7% variation in 
ruminal protein degradation among steers fed diets containing 25 to 80% hay. In another 
study, Farquhar (1985) reported that variation caused by animals was very little with steers 
fed hay, but differences in the rate of protein degradation were significant among steers fed a 
high grain diet. It is very likely that this difference was caused by differences in ruminal pH 
(5.75 vs. 6.35). 
Diets fed to animals have much greater effects on N degradation than animals. 
Ruminal microflora change with different types of diets. When animals are fed forages, 
microbial species present in the rumen are more diverse than when fed high grain diets 
(Weakley et al., 1989). As a result, the rate of N degradation was significandy lower in steers 
fed grain diets compared to steers fed hay diets (Farquhar 1985). In contrast, Weakley et al. 
(1989) reported higher N disappearance from Dacron bags when steers were fed 25% hay 
diets compared to steers fed 80% hay diets. Similarly, sheep fed oat hay-lablab hay mixture 
had a faster rate of degradation compared to sheep fed a straw-lablab hay diet (Umunna et al., 
1995). In addition to affecting degradation rate, diets have large impacts on the rates of solid 
and liquid passage (Gomes et al., 1994). 
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Chemical compositions of feedstuffs are the largest factor affecting N degradation in 
the rumen. Feedstuffs significandy vary in their N content and degradation characteristics. 
Grains usually have greater escape protein as percent of total crude protein (CP) compared to 
forages (NRC, 1996). Concentrations of nitrogen (Brown and Pitman, 1991) and 
degradability of N in the rumen (Umunna et al., 1995; Muhalley et al., 1992) significandy 
differ between legumes and grasses even within legume and grass species (Brown and Pitman, 
1991). Umunna et al. (1995) determined the degradability of oat hay, oat straw, wheal 
middlings, lablab hay, sesbania leaves and tagasate by incubating them in Dacron bags in the 
rumen of 3 ruminally fistulated sheep. While sesbania had the highest potentially degradable 
N (922 g/kg), followed by lablab (866 g/kg), wheat middlings (849 g/kg) and tagasaste (737 
g/kg), lablab had higher soluble N content (737 g/kg) than sesbania (298 g/kg), wheat 
middlings (526 g/kg) and tagasaste (-38 g/kg). Some plants contain anu-nutritional factors, 
which inhibit proteolysis. Forages containing tannins had lower soIuble-N concentrations and 
rates of ruminal N degradation compared to forages that do not contain tannins (Reed, 1995; 
Broderick, 1995). Broderick (1995) indicated that as tannin concentration of forage increase, 
soluble non-protein nitrogen (NPN), as a percentage of total-N, decreases. Waghom et al. 
(1987) compared the duodenal essential amino acids flow in sheep fed Lotus with or without 
intraruminal polyethylene glycol (PEG) infusion, which selectively binds to tannins and 
prevents tannins from binding proteins. The flux of essential amino acids through the 
abomasum of sheep fed Lotus without PEG was 50% higher than that of sheep fed Lotus with 
PEG, apparendy because of greater amounts of protein escaping rumen degradation in sheep 
fed Lotus alone. Tannins may complex proteins at the pH of the rumen and protect proteins 
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from microbial enzymes. These complexes are unstable at the acid pH of the abomasura and 
the proteins become available for digestion (Reed, 1995). Jones et al. (1995) found that 
proteolysis was 40% lower in red clover silage compared to alfalfa silage after 7 days of 
ensiling. The lower extent of proteolysis with red clover was attributed to a buffer soluble 
protein that could inhibit proteolysis in red clover. 
Treatment Factors. Numbers of different physical treatments, such as heating, and 
chemical treatments, such as formaldehyde, sodium hydroxide, ethanol or lipid, have been 
used to reduce the N degradation by microbes in the rumen or anaerobic silos (Siddons et al., 
1979; Farquhar, 1985; Yang et al., 1993; Broderick et al., 1995). 
In general, the goal of feed treatments is to make nitrogen less accessible to microbial 
degradation, but leave it digestible by host animal's proteases in the abomasura and sraall 
intestine. Even though this goal was accoraplished by many treatments with varying success, 
most of the treatments increased the indigestible-N concentration of feedstuff. Therefore, 
treatment level is very crucial. Over-treatment may result in very low protein digestibility and 
palatability in feed sources (Yang et al., 1993). 
Heating alfalfa at 150 "C for 4 h markedly altered the N degradation kinetics in the 
rumen. While soluble-N content and the rate of rurainal N degradation in alfalfa declined, 
indigestible-N concentration increased (Farquhar, 1985). Broderick et al. (1993) found that 
steam heating of alfalfa at 100 to 110 "C for 47 min increased net ruminal protein escape, 
estimated in vitro, from 29% to 50%. Heating alfalfa also increased acid detergent insoluble 
nitrogen (ADIN) concentration from 4.6 to 15.3% of total-N. Similarly, Yang et al. (1993) 
evaluated the effects of the type of heating (oven vs. steam) and time (30 to 120 min) on 
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shredded or unshredded alfalfa hay. Esdraated net protein escape of both alfalfa forages 
increased with oven-heating, being optimal at heat treatments of 150 °C for 120 min and 160 
°C for 60 min. Equivalent to opdmal protection was obtained by oven-heating for 120 min at 
140 °C, 60 min at 150 °C and 30 min at 160 °C for both shredded and unshredded alfalfa hays. 
Similar protection was obtained at lower temperatures and shorter times with steam-heating 
compared to oven-heating. It was concluded that moderate heat treatment of alfalfa hay 
reduces ruminal protein degradation and improves protein utilization. 
Numbers of chemical treatments have been evaluated to reduce the N degradation. 
Siddons et al. (1979) ensiled wilted perennial ryegrass without treatment or after treating with 
a mixture of equal volumes of formic acid and formalin applied at a rate of 35 g 
formaldehyde/kg herbage CP. Digestion of the two silages and the effect of supplemental N 
as urea or urea plus soybean meal was studied using the sheep fitted with cannulae in the 
rumen, proximal duodenum and distal ileum. Formaldehyde treatment markedly reduced N 
degradation in the silage. Quantity and digestibility of bacterial amino acids entering the small 
intestine was similar between diets, however, the quantity of dietary amino acids reaching the 
small intestine was significantiy higher in sheep fed diets containing the treated silages. 
Similarly, a reduction in the rate of ruminal N degradation for alfalfa subjected to a sodium 
hyroxide treatment was reported by Farquhar (1985). 
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Microbial Protein 
Microbial Protein Synthesis 
Microbial protein synthesis is important in ruminant animals because microbial crude 
protein synthesized in the rumen provides from 50% to nearly all amino acids required for 
beef cows depending on the undegraded crude protein concentration of the diet (NRC, 1996). 
Synthesis of microbial protein and growth of ruminal microbes depend on adequate energy 
(ATP), resulting from fermentation of organic matter in the rumen, and N resulting from 
degradation of non-protein and protein nitrogen sources (Clark et al., 1992). Other nutrients 
such as sulfur, phosphorus, and other minerals and vitamins are also required for microbial 
protein synthesis (Sniffen et al., 1987). Not only is quantity of nutrients, but also 
simultaneous ruminal degradation and utilization of dietary carbohydrates and protein are 
necessary for optimal microbial growth and protein synthesis (Sinclair et al., 1995). Figure 2 
shows the various nutrients required for microbial growth. 
Dietary crude protein consumed by ruminant animals can be divided into ruminally 
degradable (RDP) and undegradable (UDP; Beever et al., 1994). As the RDP fraction of 
dietary CP enters the rumen, it is extensively degraded into peptides and, subsequently, amino 
acids and ammonia (Tamminga, 1979). Ruminal ammonia-N is the major nitrogen source 
used for protein synthesis by ruminal bacterial species. However, in addition to ruminal 
ammonia-N, many of the bacterial and protozoan species also require either preformed amino 
acids or peptides for optimal growth (Wallace, 1991). Many studies have indicated that the 
addition of amino acids and/or peptides in the rumen environment has significantiy increased 
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Figure 2. Nitrogen metabolism and microbial protein synthesis in ruminant animals. 
Adapted from Nocek et al., (1988). 
microbial growth (Hume, 1970; Salter et al., 1979; Argyle and Baldwin, 1989; Grishwold et 
al., 1996). 
The energy requirement of microbes is provided by fermentation of the carbon 
skeleton of amino acids or carbohydrates by microbial enzymes. The ATP generated via 
protein fermentation is not adequate for optimal microbial growth (Hespell and Bryant, 1979; 
Bergner, 1991). Therefore, most of the energy required for optimal microbial growth is 
provided by fermentation of carbohydrates in the rumen (Argyle and Baldwin, 1989; Bergner, 
1991) 
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Variation in Efficiency of Microbial Protein Synthesis 
Daily microbial protein synthesis is different from efficiency of microbial protein 
synthesis. Daily microbial protein synthesis is the product of efficiency of microbial protein 
synthesis (Hoover et al., 1991), which usually is defined as grams of microbial CP/ kilogram 
or 100 grams or organic matter (OM) digested in the rumen (Stem and Hoover, 1979; Hoover 
and Stokes, 1991). 
Because the major energy source for microbial protein synthesis in the OM is 
carbohydrate, some researchers suggested that it would be more appropriate if efficiency for 
microbial protein synthesis is expressed as a function of carbohydrate digested rather than OM 
digested in the rumen (Nocek and Russell, 1988). 
Efficiency of microbial protein synthesis gready differs in animals fed different diets, 
even within similar diets (Table 1). Average efficiency of microbial protein synthesis was 13.0 
g MCP/lOO g organic matter truly digested in the rumen (OMTDR), ranging from 7.5 to 24.3 
for forage-based diets. For mixed forage-concentrate diets, average efficiency of microbial 
protein synthesis was 17.6 g MCP/lOO g OMTD in the rumen, ranging from 9.1 to 27.9. 
Efficiency of microbial protein synthesis for high concentrate diets was 13.2 g MCP/lOO g 
OMTD in the rumen, ranging from 7.0 to 23.7. Overall, the average efficiency of microbial 
protein synthesis is 14.8 g MCP/lOO g OMTD in the rumen, ranging from 7.0 to 27.9 g 
MCP/lOO g of OM truly digested in the rumen. Efficiency of microbial protein synthesis was 
predicted to be around 13 g MCP/lOO g of TDN for beef cattle (Burruoghs et al., 1974; NRC, 
1996). However, Stem et al. (1979) reported that average microbial protein synthesis was 
16.6 g MCP/lOO OMD in the mmen, with values ranging from 6.3 to 30.7 in 64 observations. 
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Table 1. Variations in efficiency of microbial protein synthesis with different feeding 
regimens. 
Type of diet 
MOEFF, 
g MCP/lOO OMDR References 
Forage Based Diets 
Cottonseed hulls supplemented to meet; 
100 % CP requirements of steers with SBM 
75% CP requirements of steers with Urea 
100% CP requirements of steers with Urea 
115% CP requirements of steers with Urea 
Sodium hydroxide treated straw-based diets: 
Sodium hydroxide treated straw 
Sodium hydroxide treated straw supplemented: 
with cottonseed meal 
with barley 
Alfalfa hay fed as: 
Long hay 
Chopped hay 
Ground hay 
Alfalfa hay supplemented with 20 % grain com 
Coastal Bermuda grass hay 
Coastal Bermuda grass dehydrated 
Alfalfa hay 
Alfalfa dehydrated 
Orchard grass as: 
Pasture 
Hay 
Silage 
Alfalfa hay 
Alfalfa as high moisture silage 
Wheat straw-based diets: 
Wheat straw 
Wheat straw plus 15.5 % of total diet starch 
Wheat straw plus 31.0 % of total diet starch 
23.0" 
21.8" 
24.3" 
23.5" 
20.2" 
22.2" 
19.3' 
20.3" 
19.2" 
23.4" 
22.2" 
7.8" 
7.5' 
11.4' 
9.0' 
8.4' 
10.3' 
12.3' 
10.7" 
9.4" 
8.0" 
8.8" 
10.9" 
Kropp et al. (1977) 
Amaning-Kwarting et 
al. (1985) 
Rode et al. (1985) 
Amos et al. (1984) 
Holden et al. (1994) 
Merchen et al. (1983) 
Gomes et al. (1994) 
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Table 1 (Continued) 
Prairie grass fed: 
Chopped 10.6' 
Ground 10.6' 
90 % ad libitum 10.8' 
60% ad libitum 10.6' 
Supplemented with com gluten meal 10.3' 
Supplemented with dry disteller grain 10.9' 
Com silage-based diets supplemented with: 
Monensin, 0 ppm 11.8*^ 
Monensin, 6.1 pram 12.0'' 
Monensin, 12.2 pram 10.8" 
Monensin, 18.3 pram 11.6'^ 
Monensin, 36.6 prara 9.5" 
Mixed Diets 
Barley-straw based diet: 
Barley with 30% straw 18.4*' 
Barley with 50% straw 18.0'' 
Alfalfa-barley based diets with PVC as ballast: 
0 % PVC in diet 
24% PVC in diet 
32% PVC in diet 
Alfalfa steam flaked sorghum-based diets: 
with high UIP 
with low UIP 
Wheat straw-based supplemented diets: 
Wheat straw supplemented with barley 
Wheat straw supplemented with distellers 
dark grain 
Com and alfalfa silage-based diets supplemented with: 
High rumen digestible NSC and high DIP 11.2' 
High rumen digestible NSC and low DIP 9.1' 
Low rumen digestible NSC and high DIP 9.5' 
Low rumen digestible NSC and low DIP 11.2' 
11.3" 
15.5" 
20.8' 
20.9' 
21.9' 
19.3' 
16.9' 
Firkins etal. (1986) 
Faulkner et al. (1985) 
Djouvinov et al. (1994) 
Djouvinov et al. (1994) 
Chen et al. (1997) 
Sinclair et al. (1993) 
Aldrich et al. (1993) 
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Table I (Continued) 
Com silage-based diets supplemented with; 
High rumen digestible NSC with 14.4% CP 
Low rumen digestible NSC with 14.4% CP 
High rumen digestible NSC with 11% CP 
Low mmen digestible NSC with 11% CP 
\1.T 
16.7" 
20.1* 
19.2" 
Mabjeesh et al. (1997) 
Com silage-based diets supplemented with: 
SBM, 14.5% CP 
SBM, 11.0% CP 
Com gluten meal, 14.5% CP 
Com gluten meal, 11.0% CP 
22.1" 
22.6" 
20.5" 
20.3" 
Klusmeyer et al. (1990) 
Alfalfa com silage-based diets supplemented with: 
Unsupplemented 23.9" 
Urea 26.1" 
Starch 23.3" 
Starch and urea 27.9" 
Cameron et al. (1991) 
Com-grass silage-based diets supplemented with: 
NSC, 38 % of total dietary DM 15.5" 
NSC, 31 % of total dietary DM 16.5" 
NSC, 24 % of total dietary DM 13.8" 
Stokes et al. (1991) 
Alfalfa hay corn-based diets supplemented with: 
Blood meal 16.0" 
Com gluten meal 16.6" 
Blood and com gluten meal 17.0" 
Sunflower meal 19.4" 
Erasmus et al. (1994) 
Com and com silage-based diets supplemented with: 
Feather and blood meal 0, % of tot^ CP 17.0" 
Feather and blood meal 33, % of total CP 15.4" 
Feather and blood meal 67, % of total CP 11.0" 
Feather and blood meal 100,% of total CP 10.7" 
Cunningham et al. (1994) 
High Concentrate Diets 
Com-based diets supplemented with: Rode et al. (1985) 
Alfalfa hay, 25 % of total dietary DM 21.6" 
Alfalfa hay, 40 % of total dietary DM 22.0" 
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Table 1 (Continued) 
Com-based diet supplemented with: Merchen et al. (1986) 
Alfalfa, 25 % of total dietary DM 18.9 ® 
Corn-barley based diets: Surber et al. (1998) 
Barley based diet without monensin 9.4" 
Barley based diet with monensin 8.9® 
Com based diet without monensin 8.1' 
Com based diet with monensin 8.8® 
Com-based diets supplemented with: 
% of total dietary DM 
Cottonseed hull (0% DM) 7.5*^ 
Cottonseed hull (7% DM) lO.a*" 
Cottonseed hull (14% DM) 11.8^ 
Cottonseed huU (21% DM) 12.7^ 
Com-based diets fed as: 
RoUed 10.5^ 
Steam flaked 7.0" 
Grain sorghum-based diets fed as: 
Rolled 23.7' 
Steam flaked 16.6" 
Coleet al. (1976) 
Coleet al. (1976) 
Rahnema et al. (1987) 
"Efficiency of microbial protein synthesis determined as g MCP/lOO of OMTD 
"Efficiency of microbial protein synthesis determined g MCP/lOO of OMADR. 
"Efficiency of microbial protein synthesis determined g MCP/lOO of DMDR. 
These differences in efficiency of microbial protein synthesis primarily were caused by the 
different markers (Stem et al., 1979) and diets (Hoover et al., 1991) used in these studies. 
Currently, diaminopimelic acid (DAPA) and purines are the most commonly used microbial 
markers for estimation of microbial protein synthesis (Stem et al., 1994). Stem et al. (1986) 
compared these two microbial markers for determination of microbial protein synthesis in the 
rumen. In that study, mminal N metabolism data were significantly different when purines 
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were used as microbial marker compared to DAP A. Similarly, nig (1990) also reported 
different ruminal N metabolism results when purines or DAPA were used as microbial 
maricers. 
In addition to type of marker used, diets fed to animals contribute to the differences in 
efficiency of microbial protein synthesis among the studies (Sniffen et al., 1987). Hoover et 
al. (1991) proposed that the ratio of structural to non-structural carbohydrates would have 
little effect on efficiency of microbial protein synthesis. On the other hand, rate of digestion of 
carbohydrates had a great impact on the efficiency of microbial protein synthesis. It is weU 
known that rapid digestion of non-structural carbohydrate results in reduced ruminal pH. 
Efficiency of microbial protein synthesis reported to be low in animals fed high concentrate 
diets because of reduced ruminal pH (NRC, 1996). On the other hand, efficiency of microbial 
protein synthesis is also low in low quality forages because of the slow carbohydrate digestion 
and the slow rates of particulate and liquid dilution turnover (NRC, 1996). In addition to 
slow carbohydrate degradation, in situ data showed that the ratio of degraded N to OM in the 
nmien greatly varied at times after feeding (Beever and Cottirill., 1994). The 
limitation associated with the efficiency of microbial protein synthesis in animals fed low and 
high fiber diets seemed to be reduced when forage-concentrate mixed diets were fed to 
animals (Gomes et al., 1994). Forages supply readily degradable protein and concentrates 
provide soluble carbohydrates at the initiation of fermentation. Because forages and 
concentrate contain slowly degraded carbohydrate and protein, respectively, this condition is 
reversed during later phases of fermentation so that rumen microbes have adequate substrate 
at all times (Baldwin and Denham, 1979). 
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In addition to N and carbohydrate, turnover rates of rumen digesta also significantly 
alter efficiency of microbial protein synthesis (Cole et al., 1976; Rode et al., 1985). The 
turnover rate of rumen digesta can be changed by a variety of dietary factors such as level of 
intake (Djouvinov et al., 1994), proportions of forage in diets (Rode et al., 1985), and mineral 
salts (Newbold et al., 1988). 
Composition of Rumen Microbes 
Bacteria usually contain of 50% protein, 20% RNA, 3% DNA, 9% lipid, and 18% 
carbohydrate (Nocek and Russell, 1988). Even though the composition of rumen microbes 
has been thought to be fairly constant, data from the literature indicate that differences in 
composition are large. In a review of Clark et al. (1992), the mean organic matter 
concentration as a percentage of the DM in these bacteria was 77.5 with a range from 60.8 to 
92.2. Mean N content of microbes was 7.71 percent of DM, ranging from 4.83 to 10.58 or 
9.96 percent of OM, ranging from 7.35 to 13.23 (Table 2). 
Substantial differences in the amino acid profiles of rumen bacteria in ruminants fed 
different dietary protein sources was reported by Erasmus et al. (1994). While leucine 
(12.5%) and valine (10.1%) concentrations were lower, histidine concentration was 18.2% 
higher in the profile of bacteria isolated from cows fed sunflower meal than from cows fed 
blood meal diets. Williams et al. (1973) isolated different rumen protozoan species 
(Holotrichs and Entodinomorphs) and bacteria separately. Amino acid profiles of the two 
protozoa were significantly different from each other and the amino acid composition of the 
bacteria was different from those of the protozoan species. Aspartate, glutamate, lysine, and 
Table 2. Organic matter, N, amino acid N, and amino acids profiles of ruminal bacteria with and without protozoan species. 
Ruminal bacterial mixture' 
Holitrichs present Entodiniomorphs present Without protozoan species 
Variable Mean Minimum Maximum in ruminal contents in ruminal contents in ruminal contents 
DM. % DM 77.5 60.8 92.2 - - -
N, % DM 7.71 4.83 10.58 - - -
N. % OM 9.96 7.35 13.23 - - -
Amino acid 66.5 54.9 86.7 - - -
N. % total N 
Amino acid profiles (g/100 g total dry weight) 
Alanine 7.5 5.0 8.6 6.8 8.5 7.8 
Arginine 5.1 3.8 6.8 5.2 4.5 4.9 
Aspartic 12.2 10.9 13.5 12.9 11.8 10.8 
Cystine 1.0 0.6 1.8 0.7 1.3 0.9 
Glutamic 13.1 11.6 14.4 14.2 13.4 13.7 
Glycine 5.8 5.0 7.6 5.2 6.0 5.2 
Histidine 2.0 1.2 3.6 1.5 2.0 1.7 
Isolcucine 5.7 4.6 6.7 5.6 6.2 6.6 
Leucine 8.1 5.3 9.7 7.6 5.2 7.5 
Lysine 7.9 4.9 9.5 8.1 8.0 8.2 
Methionine 2.6 1.1 4.9 1.5 2.5 2.1 
Phenylalanine 5.1 4.4 6.3 5.2 5.2 5.3 
Proline 3.7 2.4 5.3 5.3 4.4 4.6 
Serine 4.6 3.4 5.4 5.0 4.6 4.7 
Threonine 5.8 5.0 7.8 5.4 4.9 5.3 
Tyrosine 4.9 3.9 7.7 4.2 4.8 3.9 
Valine 6.2 4.7 7.6 5.6 6.7 6.8 
'Values adopted from Williams et al., 1973, remaining values adopted from Clark et al., 1992. 
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leucine were in high concentrations in holotrichs and entodinicraorphs than bacteria. Alanine, 
arginine, cystine, glycine, histidine, isoleucine, methionine, phenylalanine, proline, serine, 
threonine, tyrosine, and valine were present in similar concentrations between protozoa and 
bacteria. Aspartate and lysine concentrations were greater in protozoan species than bacteria. 
Amino acid composition of rumen microbes may differ among different types of diets because 
diets modify bacteria and protozoa species in the rumen. If high forage diets were fed to 
ruminants, the number of protozoa significandy increased (Weidmeir et al.. 1983; Djouvinov 
et al., 1994). Also, the number of cellulolytic bacteria are very low in high concentrate diets. 
Because the amino acid composition of bacteria may differ among different types of diets, 
caudon should be taken when an average composition of bacteria is assumed, as opposed to 
direct determination of the composition of bacteria isolated from the rumen of cows fed 
different experimental diets. 
Factors Affecting Microbial Protein Synthesis and Efficiency 
Numerous studies have been conducted to determine microbial protein synthesis in the 
rumen under various conditions (Satter et al., 1974; Ertle et al., 1977; Salter et al., 1979; 
Salter et al., 1983; Argyle et al., 1989; Cecava et al., 1990; Clark et al., 1992; DeVisser et al., 
1992; Beever et al., 1994; Singh et al., 1994; Ludden et al., 1995; Griswold et al., 1996). 
As discussed previously, efficiency of microbial protein synthesis significandy varies 
among studies. Some of these variations were attributed to the techniques used in these 
experiments. But there are other factors which caused differences in microbial protein 
synthesis among the studies (Hoover et al., 1991). These factors include nitrogen 
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concentrations, nitrogen sources, rate of nitrogen and carbohydrate degradation, carbohydrate 
sources, the ratio of forage to concentrate in the diets, dry matter intake, synchronization of 
nitrogen and simultaneous release of energy. Other factors such as rates of solid and liquid 
passage and dietary sulfur concentrations must also be considered. 
The Effects ofNitrosen on Microbial Protein Synthesis and Efficiencv 
Concentrations. Ruminal microbial protein synthesis requires an adequate supply of 
nitrogen to achieve maximum efficiency (Stem et al., 1994). When the nitrogen concentration 
is insufficient for optimal growth, uncoupled fermentation may occur resulting in fermentation 
without efficient ATP use. In order to obtain maximum microbial growth, energy and 
nitrogen availability must be balanced (Stem and Hoover, 1979). 
Several researchers have observed that increasing CP concentrations in basal diets 
increased microbial protein synthesis. Villalobos et al. (1994) reported that supplementing 
native grass hay containing 6.6% CP with high quality meadow hay containing 16% CP at 10, 
20, 30, and 40% (DM basis) linearly increased microbial protein synthesis. Microbial N flow 
was 33.6, 38.0,40.8 and 48.2% higher than the control for diets containing 10, 20, 30, and 
40% high quality meadow hay. It was concluded that microbial protein synthesis was 
maximized at dietary CP and degradable protein levels of 7.8% and 5.3% which occurred 
when 12% high quality hay was added to diet Similarly, an infusion of urea at 22 g/d into the 
rumen of sheep fed a ryegrass hay and rolled maize diet containing 7.3% CP improved 
microbial protein synthesis (Obitsu et al., 1992). Galgal et al. (1994) also reported that copra 
expeller pellet supplementation at 0.5 or 1.0% of body weight of low quality pangola grass 
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hay increased total N intake. Efficiencies of microbial protein synthesis were 15,7, 21.3, and 
26.0 g of N/kg true organic matter digested in the rumen of sheep fed the control diet or diets 
with 0.5% and 1.0% copra expeller pellet supplementation, respectively. Cows fed whole 
barley supplemented with urea at 0.14 kg/d or soybean meal at 2.4 kg/d had a higher fiber 
digestibility and a greater efficiency of microbial protein synthesis than unsupplemented 
control diet (Weisbjergr et al., 1994). 
Studies from the literature have indicated that concentrations of 11 to 13% CP in diets 
were adequate to obtain optimal microbial protein synthesis (Hume, 1970; Satter and Roffler, 
1977). When sheep were fed semi-purified, protein-free diets containing urea as the N source, 
efficiency of microbial protein synthesis was improved when the urea concenttation was 
increased from 0.95 to 1.82%. No further increases in microbial growth were observed when 
N level was increased to 3.29%. It was concluded from this study that microbial protein 
synthesis was depressed when dietary CP level was below 11% (Hume, 1970). Satter and 
Roffler, (1977) reported that two percentage units of higher dietary nitrogen concentrations 
were required for maximal microbial growth in cattle compared to sheep. Therefore, it has 
been suggested that microbial growth will peak when dairy diets contain approximately 12 to 
13% CP. 
The optimal concentrations of ruminal ammonia-N required to maximize microbial 
protein synthesis is controversial, but 5 mg/dL of ammonia-N maximized microbial protein 
synthesis in vitro (Satter and Slyter, (1974). The microbial growth was limited at ruminal 
ammonia concentrations closer to 2 mg ammonia-N/dL; however, excessive levels of 
ammonia-N up to 80 mg/dL did not increase microbial growth. Under in vitro conditions. 
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aramonia-N started to accumulate when dietary nitrogen concentrations equivalent to 110-140 
g CP/kg diet (DM basis) were added to the fermenters (Satter et al., 1974). Even under 
favorable conditions for microbial growth, the capture of ammonia-N for microbial protein 
synthesis was far from complete (Salter et al., 1983). Even though 5 mg ammonia-N/dL was 
found to be adequate for optimal microbial protein synthesis in the in vitro study, it is logical 
to say that more than 5 mg ammonia-N/dL may need to be supplied for maximal in vivo 
microbial growth because while in vitro conditions are usually static, in vivo conditions are 
usually dynamic. 
After the optimal level of CP has been reached in the diets, further increases in CP 
concentrations of the diets will not improve microbial protein synthesis; but may increase total 
amino acids to the small intestine because of escape protein passage (Stem et al., 1983). 
Kropp et al. (1977) observed that increasing the urea level in low quality forage diets did not 
affect the microbial yield above a dietary CP level of 11.2%. The effect of increasing urea 
level in the diets from 8.5 to 11.2% CP was associated with increasing ruminal ammonia-N 
concentrations from 3.7 to 22.2 mg/dL. Stem et al. (1983) fed cows diets consisting of 50% 
concentrate, 35% com silage, and 15% alfalfa hay that contained 13.1, 16.4, 20.4 or 22.9% 
CP by feeding increasing amounts of com gluten meal. Increased amounts of CP increased 
the concentrations of ruminal ammonia from 9.6 to 14.4 mg/dL, but did not change the 
amounts of total bacterial amino acid entering the small intestine. Therefore, additional 
dietary CP increased the supply of total amino acids to the small intestine even though 
microbial protein synthesis was not altered. 
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Source. As previously discussed, most of the ruminal bacterial species use ammonia-N 
as the N source for growth. Therefore, microbial growth can occur in the nunen of animals 
fed semi-purified diets containing urea as the only N source (Virtanen, 1966). In order to 
obtain maximal efficiency of microbial protein synthesis in the rumen, however, preformed 
amino acids and peptides are also needed (Jones et al., 1998). 
Similar to other systems describing ruminal protein metabolism, the metabolizable 
protein (MP) system attempts to describe the degree to which dietary protein is degraded in 
the rumen (RDP) and the amount diat leaves the rumen as undegradable protein (UDP), 
which passes to small intestine for digestion (NRC, 1996). The RDP fraction is further 
categorized as either quickly degradable protein (QDP) or slowly degradable protein (SDP; 
Beever and Conttrill, 1994). The amount and rate of EIDP degradation are critical for 
microbial growth in the rumen because this fraction provides the N necessary for microbial 
growth. Microbial growth may be limited by the amount of available N in rumen, even though 
11 to 13% CP is provided in the diet if RDP fractions of these diets are low (Ludden et al., 
1995). In the United Kingdom's MP system, QDP is assumed to be incorporated into ruminal 
bacterial protein with an efficiency of 80%. When energy is not limiting to rumen microbes, 
the SDP fraction is considered to be utilized within the rumen with an apparent efficiency of 
100% (Beever and Conttrill, 1994). 
Microbial protein synthesis responds better with some N sources over others. 
Klusmeyeret al. (1990) found that daily microbial N flows into duodenum were numerically 
greater in cattle fed diets supplemented with soybean meal compared to com gluten meal in 
isonitrogeneous diets. The difference in microbial protein synthesis was apparently caused by 
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a limitation of ruminal ammonia-N in the com gluten meal diets. Ruminal ammonia-N 
concentrations were 2.5 and 1.9 mg/dL for com gluten meal diets containing 14.5 and 11% 
CP compared to 10.5 and 5.4 mg/dL for SBM diets. Protein sources such as blood meal or 
com gluten meal which are high in undegradable intake protein (UIP) tended to have lower 
microbial efficiency compared to protein sources like sunflower meal which had a high 
degradable intake protein (DIP) content (Eramus et al., 1994). Similarly, Waltz et al., (1989) 
found significantly higher efficiency of microbial protein synthesis for cattle diets with high 
RDP than for those fed diets of low RDP. Cows fed whole crop barley with no supplement or 
supplemented with urea, soybean meal or a mixture of urea and soybean meal consumed 1324, 
1688, 1793, and 2157 g/d digestible CP, respectively. Supplementation with the mixture of 
urea and soybean meal resulted in the highest fiber digestibility, and greater efficiency of 
microbial protein synthesis than the unsupplemented diet. Because the ruminal ammonia-N 
concentrations of cattle fed the unsupplemented diets was 6 mg/dL, the reduction in the 
efficiency of microbial growth in the low protein diet may have resulted from a lack of RDP 
(Weisbjerg et al., 1994). The data suggested that supplemental energy may be synchronized 
with ammonia and peptide production from forage protein degradation, which in turn may 
have resulted in greater microbial growth. Feeding high-quality forages or soybean meal, 
containing proteins that are rapidly degraded in the rumen, provides adequate N for the 
utilization of rumen microbes, however, a shortage of degradable N may also limit microbial 
protein synthesis in the rumen, especially when diets containing high concentrations of UIP 
were fed to animals (Maeng et al., 1976). 
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Numerous studies have been conducted to evaluate the effects of amino acids and 
peptides as non-amraonia-N sources on microbial growth (Hume, 1970; Argyle et al., 1989; 
Jones et al., 1998). In an in vitro study, Jones et al., (1998) found that production of 
microbial CP and DM digestion were affected quadratically by peptide addition with the 
highest values for each variable occurring in a diet containing 10% peptides. It was suggested 
that in diets containing high concentrations of nonstructural carbohydrates, excessive peptides 
could depress protein digestion and ammonia concentrations and, thereby, cause decreased 
OM digestibility and microbial protein synthesis. Similarly, Argyle et al. (1989) conducted an 
in vitro experiment to determine which amino acids limited growth of mixed runiinal bacteria. 
It was concluded that growth of mixed bacteria was a linear function of carbohydrate 
fermented, but was greatly stimulated by peptides and amino acids which acted as multiplying 
factors for microbial growth. Moreover, bacterial affinity for peptides and amino acids was 
high enough that these organisms used these substrates very efficiently at the low levels 
normally found in the rumen. Stimulation of microbial protein synthesis was a general 
phenomenon, which was more dependent upon how many different amino acids were available 
to bacteria in a given mixture than on specific growth limiting amino acids. 
Hume (1970) fed sheep with diets containing nitrogen provided from urea, gelatin, 
casein and zein resulting in the synthesis of 17.1 19.8, 23.3 and 22.5 g microbial CP/100 g 
digestible organic matter, respectively. The lower microbial protein synthesis when urea was 
fed could have been caused by two reasons. First, urea is completely degraded in the rumen 
within two hours of feeding, resulting in peak ruminal ammonia-N concentrations at one to 
three hours after feeding. Although some of ammonia-N was used for microbial growth. 
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much of the ammonia is either absorbed or passed to the duodenum and lost in digestion 
(Salter et al., 1979). Second, NPN sources did not supply the amino acids and peptides 
required for optimal microbial growth (Argyle et al., 1989). 
Beever and Cottrill, (1994) indicated that optimal microbial growth occurs only if the 
supply of nitrogenous constituents for amino acids and protein synthesis are adequate. 
Growth rate is generally limited from substrates supplying only ammonia. Both in vitro and in 
vivo experimentation have established the importance of performed AA if microbial yields are 
to be optimized. When isolated soy protein was added to a continuos culture system, less 
microbial growth was observed than when amino acids, peptides and urea were used as N 
sources (Grishwold et al., 1996). The reduced microbial yield when isolated soy protein was 
used may have resulted from the lower ruminal digestibility of soy protein than those of amino 
acids, peptides and urea; thereby, yielding less ammonia-N for microbial growth. 
The Effects of Carbohydrates on Microbial Protein Synthesis and Efficiency 
Amount and Source of Carbohvdrates. If N supply is not limiting, then the yield of 
microbial protein is considered to be energy dependent (Beever and Cotuill, 1994). 
Consideration of the nutrients required to support microbial growth indicates that the major 
source of energy used by ruminal microorganisms is the monosaccarides, which are derived 
from the ruminal catabolism of ingested soluble and structural carbohydrates (Beever and 
Cottrill, 1994). A fermentable carbohydrate that releases energy at the same rate as N is 
released from dietary N source is also required for the most efficient utilization of nutrients by 
rumen microbes (Sinclair et al., 1995). 
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Gomes et al. (1994) found that supplementation of barley straw with 15.5 or 31.0% of 
a 1.2 to 1.0 mixture of com and barley increased microbial protein synthesis from 12.8 to 14.1 
and 17.5 g N/kg DOMI. This study implied that with low quality straw, supplementation of 
the diet with 31% concentrate increased both voluntary intake and microbial protein synthesis 
per unit of DOMI apparently because of increased liquid and solid outflow rates when starch 
was included in the diet 
These above studies have shown that the addition of readily fermentable carbohydrates 
into the rumen increases microbial growth. However, increasing the energy level, beyond an 
optimal level, did not further increase microbial growth. McAllan et al. (1994) found that 
cows fed two types of grass silage at two levels of concentrates had similar ammonia-N 
concentrations, but the efficiency of microbial protein synthesis was significantly higher in 
early cut grass silage than late cut grass silage. Because early cut grass silage had higher 
ruminal digestion coefficients for neutral detergent fiber (NDF) and acid detergent fiber 
(ADE^, the greater microbial protein synthesis may have resulted from greater cell wall 
digestion in the rumen. Concentrate levels, however, had no effect. 
Data from the literature indicate that type of nonstructural carbohydrate also 
influences microbial growth. Voigt et al. (1993) found that steers fed barley, ground maize or 
fresh potatoes as supplements for diets containing grass meal and beet pulp had average 
efficiencies of microbial protein synthesis in the rumen of 16.4 g N/kg organic matter truly 
fermented in the rumen with a range of 10.6 to 21.4. Microbial efficiency was the highest 
when the ratio of nitrogen-free extract to crude fiber in the diet was between 1.7 and 2.1 for 
barley, 1.8 for potatoes, and between 2.1 and 3.3 for maize as the starch source. The amino 
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acid composition of the duodenal flow was also significandy influenced by the starch source. 
In another study, greater microbial protein passage was observed in cows fed barley compared 
to cows fed com at similar starch intakes (McCarty et al., 1989). This greater microbial 
protein synthesis was attributed to greater starch and OM digestion in the rumen for barley 
diets. 
Starch is a more suitable energy source than glucose for maximum capture of 
ammonia-N for microbial synthesis (Salter et al., 1983). Replacing starch with glucose as the 
main energy source for bacteria in continuous culture fermentation caused a marked 
depression in the proportion of dietary urea-N captured for microbial growth. The growth of 
mixed ruminal bacteria is a linear function of the amounts of carbohydrate fermented in the 
rumen (Argyle et al., 1989). However, Cecava et al. (1990) failed to see a significant 
difference between the different energy sources upon microbial growth. In that study, the 
difference in the energy levels (2.24 vs 2.92 Meal metabolizable energy/kg DM) of the two 
diets may not have been sufficient to observe significant results. 
Forage: Concentrate Ratio of Diet. As discussed earlier, average efficiency of 
microbial protein synthesis was higher in forage-concentrate mix diets than for all-forage diets 
(Table 1). Synthesis of microbial protein is improved by varying the source and degradabUity 
of energy incorporated into the diet (Sinclair et al., 1995). In contrast to results of Salter et 
al. (1983), several studies have reported increased utilization of ruminal ammonia nitrogen for 
microbial protein synthesis when diets contained readily digestible carbohydrates rather than 
starch in high fiber diets (De Visser et al., 1991). The difference between these studies could 
be the varying carbohydrate and nitrogen sources in the diets. As proposed by Hoover et al. 
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(1991), the rate of carbohydrate digestion in diets and synchronization of this rate with that of 
N release has an impact on microbial protein synthesis. Huber and Kung (1981) reported that 
the major factor limiting the utilization of NPN was a source of readily available energy. 
Microbial N synthesis was the highest when highly ruminally available nonstructural 
carbohydrates were combined with highly ruminally available proteins, and lowest when highly 
ruminally available nonstructural carbohydrate were combined with poorly ruminally available 
protein. This situation would suggest that N utilization for forages having high RDP will 
improve microbial growth when forages are supplemented with ruminally available 
nonstructural carbohydrates (Huber and Kung, 1981). 
Czerkawski et al. (1976) reported that sheep fed a diet composed of a mixture of hay 
and concentrate had greater microbial growth in the rumen compared to those fed concenu-ate 
and hay separately. The increase in microbial growth may have resulted from a better non­
protein rutrogen to protein ratio in the mixed diet because the concentration of NPN is 
generally higher in forages than in concentrates. While forages may supply N as highly 
degradable protein or non-protein N, concenttates may slowly supply N mainly as peptides 
and/or amino acids needed for microbial protein synthesis (Baldwin and Denham, 1979). It 
could also be caused by better utilization of amino acids and peptides in the mixed diet. 
The effect of readily fermentable carbohydrate supplementation on the efficiency of 
microbial protein synthesis is dependent on the level of supplementation. Efficiency tends to 
be increased when readily fermentable carbohydrate is supplemented at less than 30% of the 
total diet, but decreased when the supplementation level is greater than 70% (Mathers and 
Miller, 1981). The decrease in efficiency of microbial protein passage to the small intestine 
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when diets containing more than 70% concentrate are fed may occur because of a rapid rate 
of nonstructural carbohydrate degradation, resulting in an uncoupled fermentation (Polan, 
1988). Uncoupled fermentation occurs because energy is released much faster than it is 
captured and utilized by the ruminal bacteria (Clark et al., 1992). Adding forage or structural 
carbohydrate to the diet that is high in concentrate may allow ruminal bacteria to utilize the 
energy for growth more efficiently because energy is released in a more uniform pattern 
throughout the day (Baldwin and Denham, 1979). Furthermore, as the proportion of forage 
increases in dietary dry matter, there is greater saliva flow, a higher ruminal pH, improved 
cation exchange capacity, improved hydration, improved mat formation, leading to decreased 
retention times, and greater microbial growth as microbial generation times reduced (Sniffen 
et al., 1987). 
Rate of N and Carbohydrate Degradation. Although the crude protein content of 
many practical diets may be greater than the 11% CP required to support optimal microbial 
growth, resistance of proteins to microbial degradation may limit microbial protein synthesis 
(Stem and Hoover, 1979). 
It seems that proteins which have lower rates of ruminal degradation tend to improve 
efficiency of microbial protein synthesis, probably because of better capture of released N by 
rumen microbes. Broderick (1995) reported that heating legume forages increased microbial 
N flow to the duodenum from 11 to 15 g/kg OMD. Forage heating significantly decreased the 
rate of N disappearance from Dacron bags incubated in the rumen of steers (Farquhar, 1985: 
Yang et al., 1993). Makkar et al. (1995) indicated that efficiency of microbial protein 
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synthesis was greater in forages containing saponin and tannins, which reduce ruminal N 
degradability. 
The readily degradable fraction of protein is higher in forages than in grains. 
Approximately 40% of protein in fresh alfalfa is soluble in the rumen environment (Farquhar, 
1985). The solubility of the protein in com grain was lower than in alfalfa (Muhalley et al., 
1992). Therefore, while 2.0 g of available N per 100 g digestible organic matter has been 
reported to be required for optimal microbial growth for animals fed forages, the level of 
degradable N in grains may limit microbial protein synthesis when supplemented at this level. 
Research indicates that more than 2.0 g of available N per 100 g digestible organic matter is 
required for optimal microbial growth in feedstuffs like grains which are resistant to ruminal 
microbial degradation (Stem and Hoover, 1979). 
The primary function of microbial carbohydrate metabolism is to release the ATP 
required for microbial growth. Thus, patterns and rates of microbial nitrogen metabolism are 
dependent upon the rates of carbohydrate fermentation (Hoover et al., 1991). Baldwin and 
Denham (1979) divided carbohydrates into three groups according to their solubility in the 
rumen environment. These groups included: soluble carbohydrates, such as soluble sugars 
and organic acids; carbohydrates with intermediate solubility, such as starch and pectin; and 
insoluble carbohydrates, such as cellulose and hemicellulose. Fermentation rates of soluble 
sugars and starches are very high up to 2 h postfeeding, but decrease almost completely 
approximately 4 h postfeeding. Soluble sugars and starch provide higher levels of ATP than 
structural carbohydrate up to 4 h postfeeding, but they provide almost no ATP for microbial 
growth after 4 h postfeeding. Approximately 3 to 4 h postfeeding, cellulose and hemicellulose 
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degradation starts and continues for a long period of time (up to 96 h) postfeeding, providing 
ATP for later microbial growth (Baldwin and Denham, 1979). Therefore, feeding a mixture 
of forage and concentrate resulted in greater microbial protein synthesis compared to feeding 
only concentrate or forage (Czerkawaski et al., 1976) 
Synchronization. Matching the release of ammonia-N from dietary protein with the 
release of usable energy may improve N utilization (Satter et al., 1979). Sinclair et al. (1995) 
found that wheat straw and barley diets containing rapeseed meal as a slow release N source 
or urea as a rapid release N source contained equal amounts of rumen degradable protein and 
OM truly degraded in the rumen. Efficiency of microbial protein synthesis, however, was 11 
to 20% greater in sheep fed diet supplemented with rapeseed meal than with urea. This 
increase in efficiency of microbial protein synthesis in sheep fed the rapeseed supplemented 
diet may have resulted from a lower rate of N and carbohydrate release and better capture of 
these nutrients by rumen microbes. Similarly, synchronization for rapid fermentation with 
highly degradable starch and protein sources stimulated greater microbial protein flow to 
duodenum compared to diets with unsynchronized N and energy release (Herrera-Saldana et 
al., 1990). In contrast, the degree of energy and N synchronization, as controlled by 
intraruminal infusion, affected neither duodenal microbial flow nor efficiency of microbial 
protein synthesis in cattle (Henning et al., 1993). However, ammonia-N levels throughout a 
24 hour period were high enough to support maximum microbial growth when urea was fed 
once a day (Satter et al., 1979). 
Spreading the urea dosage throughout a day had no effect on N capture efficiency by 
ruminal bacteria when starch was used as the energy source (Satter et al., 1979). Salter et al. 
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(1983) also reported that spreading the dosages of urea and glucose to synchronize nitrogen 
and energy supplied to steers consuming a wheat straw-based diet had no effect on microbial 
N-capture efficiency. Henning et al. (1993) concluded that merely improving the degree of 
synchronization between energy and N release rates in the rumen did not increase microbial 
yield. However, in the studies conducted by Salter et al. (1979) and Henning et al. (1993), 
urea was used as the nitrogen source, and therefore, performed amino acid and/or peptides 
might have limited ruminal microbial protein synthesis. In order to increase microbial yield, it 
seems that manipulation of energy and N fermentation in the rumen should first be aimed at 
obtaining the most even ruminal energy supply pattern possible with a particular dietary 
regimen. The second goal is to supply the totaJ daily amount of ruminally available N 
sufficient for use of the total amount of energy expected to be released in the rumen per day. 
The Effects of Dietary Fat on Microbial Protein Synthesis and Efficiencv 
Supplementing fat into diets for ruminants has increased in recent years. Dietary fat is 
energy dense, but does not provide fermentable energy for microbial protein synthesis in the 
rumen. Moreover, addition of fat to the diet of ruminant animals can decrease microbial 
protein flow out of the rumen by altering the quantity of carbohydrate in the diet, the 
digestibility of the carbohydrate and possibly the amount of N incorporated into microbial 
protein per unit of fermented carbohydrate (Stem et al., 1994). In contrast, research 
illustrates that supplemental fat in diets had either no effect (Chan et al., 1997; Doreau et al., 
1993; Ferley et al., 1992) or increased the efficiency of microbial protein synthesis in the 
rumen (Jedkins and Palmquist, 1984). Ferley et al. (1992) reported that polyunsaturated fatty 
36 
acids fed to dairy cows in the form of rapeseed oil at 8% of dietary DM did not affect the 
efficiency of microbial protein synthesis in the rumen or microbial flow to duodenum. Similar 
observations were reported when cows were fed diets supplemented with rapeseed oil or 
calcium salts of rapeseed oil at 7.7 and 8.5% fatty acids in dietary DM (Doreau et al., 1993). 
Jetkins et al. (1984) found that the efficiency of microbial protein synthesis was higher in 
steers fed tallow fatty acids (24.6 g CP/ 100 g DM truly digested (DMTD) compared to steers 
fed a control diet (17.7 g CP/ 100 g DMTD) or calcium soaps of tallow (14.7 g CP/ 100 g 
DMTD). Increases in the efficiency of microbial protein synthesis were attributed to lower 
ruminal protozoal numbers, which may have reduced protozoal predation on bacteria 
(KJusmeyeret al., 1991). 
Effects ofDnr Matter Intake on Microbial Protein Synthesis and Effjciencv 
Data from the literature indicate that there is a strong positive correlation between DM 
intake (DMI) and microbial growth (Clark et al., 1992; Djouvinov et al., 1994; Gomes et al., 
1994). Although, increasing the level of intake decreased the percentage of organic matter 
digested in the rumen, the total amount of OM digested in the rumen increased. Therefore, 
more nutrients were supplied for microbial growth (Clark et al., 1992; Djouvinov et al., 
1994). Djouvinov et al. (1994) found that increasing DMI intake with addition of straw to 
barley based diets significandy increased microbial protein synthesis in the rumen in one 
experiment, but did not significandy change the efficiency of microbial protein synthesis. In a 
second experiment, addition of polyvinylchloride (PVC) to provide ballast to increase dry 
matter intake of diets containing ground barley and dehydrated alfalfa increased DMI. 
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Furthermore, the efficiency of microbial protein synthesis linearly increased with the increasing 
levels of DMI (r=.99). The different effects of DMI on efficiency of microbial growth 
between the two experiments was probably related to the extent of changes in DMI. Dry 
matter intake increased by 33 and 44% in the first and second experiment resulting 60% and 
120% increases in solid turnover rates, respectively, increasing microbial protein synthesis by 
19 to 36% and 34 to 42%, respectively. 
Similarly, Gomes et al. (1994) discovered that supplementation of straw diets with 
starch linearly increased the amounts of OM digested and the solid and liquid outflow rates. 
Therefore, increasing the level of starch linearly increased microbial yields resulting in a strong 
correlation between the digestible OMI and the microbial protein synthesis (r'=0.89). Clark et 
al. (1992) also demonstrated that microbial protein synthesis was positively correlated with 
OMI (r'=.69). 
The increase in microbial protein synthesis with increased feed intake is probably the 
result of increased passage rate. Increased passage of microbial protein to the small intestine 
occurred as a result of the increased passage of both fluids and solids with increased intake 
(Djouvinov et al., 1994; Gomes et al., 1994). A higher dilution rate reduced the retention 
time of bacteria in the rumen and, therefore, reduced the maintenance energy requirement and 
increased the available energy for growth (Polan, 1988). The faster rate of growth coupled 
with faster passage of microbes to the small intestine may reduce the recycling of energy and 
N within the rumen because of decreased cell lysis (Clark et al., 1992). 
As intake of high fiber diets increases, NDF turnover rate increases while the ratio of 
bacterial OM to NDF in nmien ingesta is reduced. This suggests that as intake increases. 
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there is a greater flow of particles from the rumen that are at an earlier stage of digestion with 
less attached microbes. Thus, microbial recycling is reduced concomitant with the increased 
rate of feed OM flow leading to increased microbial yield (Sniffen et al., 1987). 
Effects ofPassaee Rate on Microbial Protein Synthesis and Efficiencv 
Microbes leave the rumen in either a liquid or solid phase of the digesta. Therefore, it 
is logical to assume that changes in the rate of solid or liquid passage would affect the amount 
of microbial protein flow to duodenum. Cell yield efficiency increases as the dilution rate 
increases (Stem and Hoover, 1979). The fundamental principle is that the mean age of the 
ruminal microbial population is decreased at higher dilution rates. At high ruminal dilution 
rates, values of 20-45 g cell/100 g carbohydrate fermentation have been reported (Van Soest, 
1994). Theoretically, the ideal situation for each species of microbes to achieve maximum 
yield, would be an outflow rate equal to the division time of that species. Such a condition 
would ensure that a minimum amount of energy is used to maintain the microbial population. 
However, this condition is impossible to achieve because different species divide at different 
rates in different nutritional environments (Orskov, 1992). 
It has been reported that at least 50% of the microbes leaving the rumen are associated 
with feed particles (Sniffen et al., 1987). However, this proportion could be diet dependent 
While the majority of carbohydrates is starch in high concentrate diets, fiber is the major 
source of carbohydrate in high forage diets. Therefore, while the rate of liquid passage may 
play an important role in high concentrate diets, the rate of solid passage could be more 
important in high forage diets. Cole et al. (1976) reported that efficiency of microbial protein 
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synthesis was linearly (r^=.85) correlated with liquid dilution rate in high concentrate diets, but 
Rode et al. (1985) found that efficiency was linearly (r^=.77) correlated with particulate 
turnover rate with high fiber diets. 
Other Dietary Factors Affecting Microbial Protein Synthesis and Efficiencv 
In addition to N and carbohydrate supply, microbial yield is affected by the 
concentrations of trace minerals and vitamins (Sniffen et al., 1987). Dietary sulfur 
concentration has been found to affect microbial growth (Sniffen et al., 1987). The amount of 
sulfur which is required by rumen microorganisms for synthesis of methionine and cysteine 
ranges from .11 to .20% of the total diet, depending on the status of the cattle (NRC, 1984). 
Limited intake of sulfur may limit microbial protein synthesis when large amounts of non­
protein nitrogen are fed to ruminant animals, such as urea (Sniffen et al., 1987). Phosphorus 
is another mineral required for the synthesis of ATP and protein by rumen microbes(Stem and 
Hoover, 1979). Microbial protein synthesis can be limited by an insufficient supply of P for 
microbial growth (Stem and Hoover, 1979). 
Methods of Estimating Microbial Protein Synthesis 
Several methods have been developed to estimate the quantity of microbes synthesized 
in the rumen. The majority of these methods are based on a single chemical marker, which is 
believed to characterize the microbial components. Microbial components which have been 
used as markers include diaminopimelic acid (DAPA), aminoethylphosphonic acid (AEPA), 
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ribonucleic acid (RNA), urinary purine derivatives, radioactive isotopes such as and ^"P, 
the stable isotope and ATP. 
Weller et al. (1958) first used DAPA to estimate the rate of synthesis of bacterial 
protein. This method assumes that DAPA is present in the cell membrane of many types of 
rumen microbes, but is not present in plant materials. The DAPA method involves estimating 
the ratio of DAPA:N in mixed rumen bacteria and the amount of DAPA in digesta. From 
these values, the amount of bacterial nitrogen in digesta can be calculated. One problem 
associated with use of the DAPA is the presence of substantial amounts of DAPA in feedstuffs 
(Rahnema and Theurer, 1986). Rahnema and Treurer (1986) reported that the DAPAiN 
ratios in common feedstuffs were 18 to 40% of those found in isolated ruminal bacteria. 
Another disadvantage of this method is that protozoan protein synthesis is excluded because 
DAPA is not present in protozoa (Clark et al., 1992). To correct this error, Ibrahim and 
Ingalls (1972) used a combination of DAPA and AEPA to estimate both bacteria and 
protozoal protein synthesis. AEPA is found in the lipid fraction of protozoa and, therefore, 
may be used to estimate protozoan protein synthesis (Ibrahim and Ingalls, 1972). 
Smith and McAllan (1970) used the ratio of RNA to total N in the rumen fluid and 
rumen microbes to estimate the extent of dietary N conversion to bacterial and protozoan N. 
A modified version (Zinn and Owens, 1986) of this method may be the most commonly used 
method today. Broderick and Merchen (1992) reported that theoretical and practical 
concerns for the use of purines as bacterial markers include; 1) the presence of nucleic acids in 
dietary feedstuffs, 2) differential nucleic acid:N ratios in bacteria and protozoa and among the 
fluid and particulate-associated bacteria pools within the rumen, and 3) possible 
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disproportionate metabolism of microbial nucleic acids following intraruminal turnover of 
microbial cells. Another common problem for all internal markers is the isolation of microbes 
(Brodeick and Merchen, 1992). In a majority of earlier studies, ruminal microbes are isolated 
from fluid phase of rumen content, which is mainly fluid-associated microbes (Brodeick and 
Merchen, 1992). Caceva et al. (1990) reported that the purineiN ratios in fluid-associated, 
particulate-associated and mixed ruminal bacteria were different, particularly between fluid-
associated and particulate-associated bacteria. It was concluded from that experiment that 
particulate-associated or mixed ruminal bacteria, isolated from digesta obtained over the entire 
feeding cycle were the most appropriate fraction for determining the purinerN ratio of 
"typical" bacteria leaving the rumen. Recently, urinary purine derivatives (PDU) were used as 
a marker to determine microbial protein synthesis (Fujihara et al., 1987; Chen et al., 1992). 
Vagnoni et al. (1997) found that 86% of purines infused in the rumen were recovered in the 
urine. Therefore, it was concluded that ruminal flow of microbial CP could be estimated from 
urinary excretion of purine derivatives. One of the biggest advantages of this technique is that 
it does not require surgery like other techniques. 
Djouvinov et al. (1994) compared the use of DAP A, RNA, and PDU for the 
determination of rumen microbial protein synthesis. Estimates of microbial nitrogen flow by 
RNA and PDU were very similar, but the DAPA significandy underestimated the amount of 
microbial protein synthesized when animals were fed high forage diets. In contrast, DAPA 
significandy overestimated microbial protein synthesis in other studies (Stem et al., 1994; 
Stokes et al., 1991). This difference was attributed to the fact that DAPA method takes into 
account the bacterial protein only. Therefore, the lower estimates of microbial protein 
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synthesis determined with DAP A observed in the study of Djouvinov et al. (1994) might have 
been the result of greater protozoa synthesis occurring with increasing proportions of forage 
in diets. 
The use of stable and radioactive isotopes for estimation of microbial protein synthesis 
was first suggested by Henderix (1961). Isotopes which have been used include and 
^^P. The use of labeled S, N, and P relies on incorporation of these isotopes during microbial 
protein synthesis. Even though these isotope techniques are used with some frequency 
(Smith, 1979; Wanderley et al., 1993), it is not very common primarily because of expense. 
The use of ATP to estimate microbial protein synthesis was studied by Forsberg and 
Lam (1977). Use of ATP is based on following assumptions: (i) ATP is present in all living 
cells and absent from dead cells; (ii) ATP concenuiation is similar in all microbes; and (iii) 
extraction and assay of ATP is relatively simple to perform and inexpensive. This method, 
however, is not recommended because rapid ATP hydrolysis coupled with little or no ATP 
formation in inactive or dead cell precluded its use for estimating flow of microbial protein at 
abomasum or small intestine (Broderick and Merchen, 1992). 
Summary 
Dietary CP in ruminant diets serves as a source of metabolizable protein to the 
ruminant by providing both ruminal degraded protein for microbial protein synthesis and 
ruminal undegraded protein. Rapid and excessive degradation of protein in some feedstuffs, 
especially in forage legumes, leads to decreased utilization efficiency of protein. Therefore, 
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many attempts have been made to reduce excessive degradation of protein in the rumen and 
anaerobic silos. Most of the treatments used have some success in terms of reducing the N 
degradation, however, excessive treatment may result in a feedstuff with a low post-ruminal 
digestibility. 
Microbial protein synthesis is dependent upon suitable N and carbohydrate sources. 
Even though trace minerals and vitamins are adequate for maximal microbial protein synthesis 
in many feeding conditions, microbial protein synthesis could be limited by inadequate u^ce 
minerals and vitamins, in some cases. Data reviewed from the literature indicated that 
calculating the protein requirement of ruminant animals based on dietary CP is not adequate. 
As indicated earlier, protein sources, which are low in DIP may limit the microbial protein 
synthesis when calculated to meet animal requirements based on dietary CP. In order to 
obtain maximal microbial protein synthesis, the nitrogen requirement of the rumen bacteria has 
to be met first. Nitrogen sources also must include amino acids and peptides in addition to 
NPN. 
Diets containing a mixture of forages and concentrates increase microbial protein 
synthesis because of improved synchronization of nutrient release, an improved ruminal 
environment for more diverse ruminal bacteria species, increased amounts and type of 
substrates, increased intake, and subsequently increased rates of solid and liquid passage. 
Although the majority of differences in the efficiency of microbial protein synthesis 
have been from the diets used, some of the differences have, unfortunately, been caused by the 
techniques used and assumptions made. As mentioned in an earlier section, many different 
markers have been used to determine the microbial N flow to duodenum. Different estimates 
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among the markers have been shown. Even though none of the markers are perfect, the use 
of bacterial purines has been recommended by Stem et al. (1994). Caution should be taken 
when we make assumptions about the composition of rumen microbes because the 
composition of microbes vary greatly, as shown in an earlier section. 
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Latin Square metabolism trial to determine efficiency of microbial protein synthesis in the 
rumen of sheep fed forages with varying nutritional quality. Ground alfalfa hay, oat-berseem 
clover hay, and baled com crop residues were fed at an ad libitum or limited intake level. 
Intake levels of sheep fed alfalfa and oat-berseem clover hay were equal to the ad libitum 
intake level of com crop residues, while that of com crop residues was 15% of the ad libitum 
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used to estimate microbial protein production. Sheep fed alfalfa, oat-berseem clover, and com 
crop residues had DM intakes (g/d, P < .05), true ruminal OM digestibility (%; P <. 07), 
amounts of OM apparently rurainally digested (g/d; P < .05), and amounts of OM truly 
ruminally digested (g/d; P < .05) of 1295, 70.4, 589, 836; 962, 61.2, 368, 528; and 481, 58.2, 
205, 268 at the ad libitum intake level and 564, 64.9, 245, 335; 603, 62.5, 245, 335; and 474, 
58.6,202,267 when limit-fed. Rates of slow solid and liquid passage, and postfeeding 
ruminal ammonia-N and VFA concentrations were lower {P < .05) in sheep fed com crop 
residues than those fed alfalfa or oat-berseem clover hay. Total duodenal flows (g/d; P < .05) 
and efficiencies of ruminal synthesis (g CP/100 g of OM tmly digested; P < .05) of microbial 
protein were 22.8, 12.9; 10.2, 14.4; 17.9, 14.2; 10.9, 12.7; 5.5, 10.9; and 5.8, 10.8 in sheep 
ad libitum- and limit-fed alfalfa, oat-berseem clover, and com crop residues. While total 
duodenal microbial-N flow was related to OMI (r^ = .97), and OM truly digested in the rumen 
(r^ = .97), microbial efficiency was related to g of NTDR/100 g of OMTDR (r' = .82) and 
slow solid passage rate (r^= .91). 
Key Words: Forage, Microbial Efficiency, Sheep 
Introduction 
Because microbial protein synthesis in the mmen supplies 40 to 80% of the amino 
acids entering the duodenum of forage-fed cattle (Sniffen and Robinson, 1987; NRC, 1996), 
the efficiency of mminal microbial synthesis is critical to meeting the metabolizable protein 
requirements of beef cattle economically (NRC, 1996). It has been proposed that 13.05 g of 
bacterial CP is produced in the mmen for every 100 g of TDN consumed (Burroughs et al., 
1974). But the efficiency of bacterial CP synthesis has been reported to be 7 to 9 microbial 
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CP (MCP) g per 100 g of OM digested in the rumen (OMTDR) of cattle grazing blue gramma 
rangeland with and without protein supplementation (Funk et al., 1987; Krysl et al., 1989) and 
14.4 MCP g per 1(X) g of OM digested in the rumen of sheep fed 15% alfalfa and 25% 
concentrate diet (Merchen et al., 1986). Although the efficiency of bacterial CP synthesis in 
the rumen of cattle fed different forages is known to vary, there has been little attempt to 
quantify the relationships between the efficiency of bacterial CP synthesis and other dietary 
factors. 
Bacterial CP synthesis is affected by the amounts and sources of CP and carbohydrates 
consumed (Clark et al., 1992), the rates of protein and carbohydrate degradation in the rumen 
(Brown and Pittman, 1991), and daily OM intake (Clark et al., 1992; Djouvinov and Todorov, 
1994). Concentrations of CP and carbohydrate fractions with varying availabilities to ruminal 
degradation differ significantly between grass and legume species (Brown and Pittman, 1991). 
Furthermore, because of the differences in their chemical composition, DMI (Chermiti et al., 
1996) and digesta passage rates (Gomes et al., 1994) differ between cattle fed different 
forages. 
The objectives of this experiment were to determine the amount and efficiency of 
microbial protein synthesis in sheep fed forages of differing nutritional value at two intake 
levels and to quantify the relationship between microbial protein synthesis and other dietary 
factors. 
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Materials and Methods 
Forages 
First harvest forage from a field containing a mixture of oats f Avena sativa L.) and 
berseera clover (Trifolium alexandrium cv. BigBee) was mowed when oats were at the boot 
stage. Third harvest alfalfa (Medicaeo sativa L.) forage was mowed at the first flower stage. 
The two hays and crop residues from com (Zea mavs L.) were baled as large round bales and 
stored outside on tires until inidation of the experiment on 3 December 1996. Prior to 
feeding, all forages were ground through the 5-cm screen of a tub-grinder and stored in a 
bam. 
Animals and Diets 
Six mature wether sheep (26 kg BW) were each surgically fitted with a 2.5-cm (i.d.) 
rubber cannula in the rumen (Dougherty, 1981) and a closed t-type cannula in the proximal 
duodenum, approximately 5 cm posterior of the pyloric sphincter (Komarek, 1981). After a 
20-d recovery period, sheep were utilized in a 6 x 6 Latin Square digestion experiment with 
12-d adaptation and 10-d collecuon phases. During the experiment, animals were housed in 
individual pens in a room with a constant temperature of 25 °C. 
Diets consisted of com crop residues, alfalfa hay, or oat-berseem clover hay fed ad 
libitum and limited levels of intake. The ad libitum intake level was determined during the 
first 7 d of each adjustment period, and 110% of ad libitum intake was offered to those fed ad 
libitum. The limited intake level of com crop residues was equal to 75% of the ad libitum 
intake level of com crop residues, based on the percentage of metabolic BW. The limited 
intake levels of alfalfa and oat-berseem clover hays were equal to the ad libitum intake level of 
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com crop residues. Diets were fed twice daily at 0800 and 2000 h. Sheep had continuous 
access to clean water and a trace mineralized salt block during the experiment. To determine 
duodenal and fecal DM flow, 1.5 g chromium-mordanted fiber containing approximately 2% 
Cr (Russell et al., 1993) was inserted through the rurainal cannula of each sheep at 0800 and 
2000 h from d 5 to 16 of each period. 
Sampling for Determination of Nutrient Digestion and Microbial Protein Synthesis 
Feed and on samples were collected on d 12 to 16 of each period and composited. On 
d 14, 15, and 16 of each period, duodenal digesta (200 ml) and rectal fecal samples 
(approximately 15 g wet-basis) were collected four times daily. Sampling times were 
advanced 2 h each day so that samples collected over the 3 d represented each 2 h of a 24-h 
cycle. Samples were frozen for later analysis. Approximately 200 ml of nominal fluid was 
collected from the ventral sac of the rumen at 0, 2, 4, 6, 8, and 10 h postfeeding on d 17 of 
each period. The ruminal fluid was divided into two 20-ml samples of ruminal fluid, which 
were acidified with 1 ml 50% (w/v) H2SO4 and frozen for later analysis of ruminal NH3-N and 
VFA concentrations. The remaining 160 ml of ruminal fluid from each sampling was added to 
the composite and used for isolation of ruminal microbes by differential centrifugation 
(Adamu, 1989). 
Determination of Digesta Passage Rates 
To determine the rate of solid passage, rectal fecal samples (approximately 15 g wet-
basis) were collected at 18, 20,24, 36,40,50, 64, 74, 88, 98, 112, and 140 h alter the last 
dose of Cr-mordanted fiber at 0800 on d 16 of each period. Samples were dried at 60°C for 
48 h, ground through a 1-mm screen, and ashed at 600°C for 2 h in a muffle furnace. 
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Chromium was extracted from the remaining ash with a phosphoric acid-manganese sulfate-
potassium bromate solution and analyzed by atomic absorption spectrophotometry (Williams 
et al., 1962). 
To determine the liquid dilution rate, 50 ml of a Co-EDTA solution (2.6 g Co L"'; Uden et al., 
1980) was placed in the rumen of each sheep at 0800 h on d 17 of each period. 
Approximately 60 ml of water was infused to clean the syringe and ensure mixing of the Co-
EDTA solution in the rumen. Ruminal fluid (approximately 25 ml) was collected from the 
ventral sac of the rumen at 0, 2, 4, 8, 12, 24, 36,48, and 72 h postdosing and frozen for later 
analysis. Ruminal fluid was centrifuged at 20,000 x g for 20 min. Cobalt in the ruminal fluid 
was analyzed in an air-acetylene flame by atomic absorption spectrophotometry. 
Solid passage rates were determined using two pool-age dependent models described 
by Pond et al. (1988). A natural logarithmic regression of Co concentration against time was 
used to predict the liquid dilution rate (Uden et al., 1980). 
Chemical Analysis 
Dry matter concentrations of feed, orts, and feces were determined by drying in a 
forced-air oven at 60°C for 48 h. Duodenal digesta samples and the bacterial pellets from 
differential centrifugation of ruminal fluid were freeze-dried. Dried feed, duodenal digesta, 
and feces were ground through a I-mm screen. Dry duodenal digesta and fecal samples were 
composited on an equal dry weight basis for each animal in each period. Organic matter 
concentrations of dried feed, orts, duodenal digesta and fecal samples were determined as the 
weight loss during combustion at 600 °C for 2 h in a muffle furnace. Concentrations of NDF 
and ADF in dry feed, orts, duodenal digesta, and fecal samples were determined by the 
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sequential procedure of Van Soest and Robertson (1979). Nitrogen concentration of dried 
feed, orts, duodenal digesta, and fecal and bacterial samples were analyzed by the Kjeldahl 
procedure (AOAC, 1980) using selenium as a catalyst. Purine concentrations of duodenal 
digesta samples and the ruminal bacterial pellet were determined using the procedure of Zinn 
and Owens (1986). Ammonia-N concentrations of ruminal fluid and wet duodenal contents 
were determined by the hypochlorite procedure, as adapted for an autoanalyzer (Technicon, 
Tarryton, NY). Ruminal VFA concentrations were determined by gas chromatography using 
a packed column (10% Ds-1200/1% H3PO4 on 80/100 chromosorb WAG, 2 m x 2 mm ID) 
and a flame ionization detector following the procedure of Lambert and Moss (1972). To 
determine digesta flow and fecal output, Cr concentrations of the Cr-mordanted fiber and the 
dried duodenal digesta and fecal samples were determined as described previously. 
The amounts of nitrogen and OM truly digested in the rumen were calculated by 
correcting the amounts of nitrogen and OM apparently digested in the rumen for microbial 
nitrogen and OM as determined by the ratio of the two components with purines in the rumen 
bacterial pellet. To determine the net ATP production in the rumen, amounts of carbohydrate 
truly digested in the rumen was determined by the equation: 
Net carbohydrate truly digested = amounts of OM truly digested in the rumen - (amounts 
of CP and ether extract truly digested in the rumen). 
Ether extract concentrations of feeds obtained from NRC (1996) and a digestion coefficient of 
85% were used to determine amount of ether extract digested in the rumen. Net ATP 
production was calculated from the amounts of carbohydrates truly digested in the rumen, as 
described by Walker (1965). 
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Statistical Analysis 
Intake, digestibility, NH3-N and VFA concentrations, microbial protein synthesis, and 
microbial efficiency data were analyzed by ANOVA (SAS, 1985) for a 6 x 6 Latin Square 
design with main effects of animal, period, forage species, and forage intake, and the 
interaction of forage species and forage intake with the animal x forage species interaction 
used as the error term. Forage composition data were analyzed by ANOVA (SAS, 1985) and 
with differences between means of significant variables tested by least significant difference 
(Cochran and Cox, 1957). To quantify the relationships between the amount and efficiency 
of microbial protein synthesis, linear and quadratic regressions (SAS, 1985) were calculated 
using amount or efficiency of microbial protein synthesis as dependent variables and DMI, 
OMI, NDFI, ADn, amounts of OMTDR, g of NTDR / 100 g of OMTDR, the rate of solid 
passage, the rate of liquid passage, and net ATP production in the rumen as independent 
variables. Stepwise multiple regressions also were calculated using amount or efficiency of 
microbial protein synthesis as dependent variables and testing DMI, OMI, NDFI, ADH, 
amounts of OMTDR, g of NTDR / 100 g of OMTDR, the rate of solid passage, the rate of 
liquid passage, and net ATP production in the rumen as independent variables (SAS, 1985). 
Results 
The concentration of DM did not differ between the three forages; however, OM 
concentration of oat-berseem clover hay was lower (P < .01) than that of com crop residues 
or jdfalfa hay (Table I). As expected, both hays had lower (P<.01) NDF and ADF 
concentrations and higher (P<.01) CP concentrations than com crop residues. Similarly, 
alfalfa hay had lower (P<.01) concentrations of NDF and ADF and a higher (P<.01) CP 
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concentration than oat-berseem clover forage, reflecting the high proportion of oats in the first 
harvest forage. 
Intakes of DM, OM, and N were higher in sheep fed alfalfa hay than in sheep fed oat-
berseem clover hay or com crop residues ad libitum when expressed either as g/d or as a 
percentage of BW (f < .01; Table 2). Similarly, NDF and ADF intakes were higher in sheep 
fed alfalfa or oat-berseem clover hay than in those fed com crop residues. As designed, limit-
fed sheep had lower (P < .01) intakes of DM and its components, expressed either as g/d or as 
a percentage of BW than sheep fed ad libitum. However, while large differences in intake of 
DM and its components occurred in sheep fed oat-berseem clover and alfalfa hays at the ad 
libitum and limited levels, there was little or no difference in intake of DM and its components 
by sheep fed com crop residues at the two intake levels (sp x i, P < .01). 
Both the amounts and proportions of DM apparently and truly digested in the rumen 
were higher in sheep fed alfalfa than in those fed the other forages and higher in sheep fed oat-
berseem clover than in those fed com crop residues (P < .01; Table 3). While sheep fed 
alfalfa or oat-berseem clover hay at ad libitum intakes had greater amounts of DM that was 
apparently or truly digested in the rumen than in sheep fed those forages at low levels of 
intake, amounts of com crop residue DM digested in the rumen did not differ between the two 
levels of intake (sp x i, P < .01). Level of feed intake did not significantly affect the apparent 
or tme digestion coefficient of DM in the rumen. But although sheep fed com crop residues 
or oat-berseem clover hay had higher mminal DM digestion coefficients at low levels of intake 
compared to sheep fed ad libitum, sheep fed alfalfa hay ad libitum had higher apparent 
ruminal digestibilities than sheep limit-fed alfalfa (sp x i, P < .01). Dry matter digested in total 
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tract, expressed either as g/d or as a percentage of intake, were highest in sheep fed alfalfa hay 
and lowest in sheep fed com crop residues (P < .01) at the ad libitum level of intake. While 
amounts of DM digested in the total tract, expressed as g/d or as a percentage of intake, were 
significantly lower in sheep limit-fed oat-berseera clover or alfalfa hay than in those fed ad 
libitum, total tract DM digestion, expressed as either g/d or a percentage of intake, was 
similar in sheep fed com crop levels at either level of intake (sp x i, P <. 10). 
Amounts of OM apparently and truly digested in the rumen and total tract were lower 
(P < .01) in sheep fed com crop residues than the two hays and lower in sheep fed oat-
berseera clover hay than in those fed alfalfa hay (Table 4). As designed, amounts of OM 
apparently and truly digested in the rumen and total tract were higher {P < .01) in sheep fed 
ad libitum than in those that were limit-fed. The apparent digestion coefficient for OM in the 
rumen was not affected by hay species or intake level. However, OM truly digested in the 
rumen, as percent of intake, tended to be higher (P = .07) in sheep fed hays compared to 
sheep fed com crop residues. The apparent total tract OM digesdon coefficients were higher 
{P < .01) in sheep fed oat-berseem clover or alfalfa hay than in those fed com crop residues. 
Level of forage intake did not affect the apparent total tract OM digestion coefficient for com 
crop residues. However, apparent total tract OM digestibilities were higher in sheep fed the 
two hays ad libitum than in those that were limit-fed (sp x i, P<.06). 
Sheep fed oat-berseem clover hay digested greater amounts of NDF in the rumen (P < 
.06) and total tract (P < .01) than sheep fed alfalfa or com crop residues (Table 5). Amounts 
of ADF from oat-berseem clover and alfalfa hays digested in the rumen were greater than 
those from com crop residues ad libitum, but did not differ when forages were limit-fed (sp x 
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i, P < .01). The ruminal and total tract digestion coefficients for both NDF and ADF were 
greater (P < .01) in sheep fed either com crop residues or oat-berseem clover hay than in 
those fed alfalfa hay. Because the ADFrNDF ratios in com crop residues, oat-berseem clover 
hay, and alfalfa hay were 57.2, 60.0, 67.6, the trends in NDF digestibilities between different 
forages likely result from the differences in cell wall lignification (Bush and Barton 1994). No 
significant intake level effects or forage species x intake level interactions were observed for 
the ruminal or total tract digestion coefficients of NDF or ADF. 
Amounts of CP apparently and truly digested in the rumen and total tract were lower 
(f < .01) in sheep fed com crop residues than the two hays and lower in sheep fed oat-
berseem clover hay than in those fed alfalfa hay (Table 6). Amounts of CP apparendy and 
truly digested in the rumen and total tract were higher (P < .01) in sheep fed ad libitum than 
in those that were limit-fed. Proportions of consumed CP apparently and truly digested in the 
rumen and total tract of sheep fed the two hays were greater (P < .01) than in sheep fed com 
crop residues. Furthermore, apparent and true ruminal and total tract digestion coefficients 
for CP of sheep fed alfalfa hay were greater than those fed oat-berseem clover hay. 
Sheep fed oat-berseem clover or alfalfa hay had greater (P < .01) amounts of N 
flowing into the duodenum compared to sheep fed com crop residues (Table 7). While sheep 
fed oat-berseem clover or alfalfa hay at ad libitum intake levels had greater amounts of N 
flowing into the duodenum than sheep that were limit-fed, duodenal N flow was not affected 
by intake level in sheep fed com crop residues (sp x i, P < .01). The greater total N flow in 
sheep fed hays than in those fed com crop residues resulted from greater (P < .01) duodenal 
flows of microbial-, undegraded dietary-, and NH3-N in sheep fed the two hays. Sheep limit-
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fed oat-berseera clover or alfalfa hay had lower duodenal flows of microbial- or NH3-N than 
sheep fed those forages ad libitum (P < .02). However, duodenal flow of undegraded dietary-
N was not affected by forage intake level. The proportion of total duodenal N flow from 
microbial- and undegraded-N did not differ between sheep fed different forages. But the 
proportion of total duodenal N flow as NH3-N was higher (P<01) in sheep fed alfalfa hay 
than those fed oat-berseem clover hay or com crop residues. The efficiencies of microbial 
protein synthesis expressed as g CP/100 g OM truly digested in the rumen were greater {P < 
.01) in sheep fed oat-berseem clover or alfalfa hay than those fed com crop residues, but did 
not differ between sheep fed the two hays. 
Apparendy because of greater nominal OM digestion, sheep fed oat-berseem clover or 
alfalfa hay had greater {P < .03) postfeeding ruminal total VFA concentrations than sheep fed 
com crop residues (Figure I). Sheep fed alfalfa hay had greater total VFA concentrations at 2 
and 4 h postfeeding than sheep fed oat-berseem clover hay, seemingly because of a lower 
soluble carbohydrate content of oat-berseem clover hay than alfalfa hay. Molar proportion of 
acetic acid was lower (P < .05) and the molar proportion of butyric acid was higher (P < .01) 
in sheep fed alfalfa hay than in those fed oat-berseem clover hay or com crop residues after 
feed was offered (Figure 2). At 2 and 4 h postfeeding, molar proportions of propionic acid 
were higher (f < .01) in sheep fed alfalfa hay than in sheep fed oat-berseem clover hay or com 
crop residues. Intake level did not significantly affect either the concenu-ation or molar 
proportions of VFA. 
Sheep fed com crop residues had lower (P < .01) ruminal NH3-N concentrations at all 
sampling times than sheep fed oat-berseem clover or alfalfa hay (Figure 3). Furthermore, 
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sheep fed alfalfa hay had greater (P < .05) ruminal NH3-N concentrations at 2 and 4 h 
postfeeding than sheep fed oat-berseem clover hay. Level of intake did not affect NH3-N 
concentrations. 
While rates of slow particulate (P < .01) and liquid passage {P < .02) from the rumen 
were greater in sheep fed the two hays than those fed com crop residues, rates of fast 
particulate passage were similar between sheep fed different diets (Table 8). Level of feed 
intake had no effects on the rates of slow and fast solid or liquid passage. Rates of slow 
particulate (sp x i, P < .1) and liquid (sp x i, P < .1) passage, however, tended to be lower in 
sheep limit-fed oat-berseem clover or alfalfa hays than in those fed ad libitum, but did not 
differ in sheep fed com crop residues at the two intake levels. These differences in slow 
particulate and liquid turnover rates seem to reflect the extent of differences in intake between 
and within forage species as observed previously (Djouvinov and Todorov 1994). 
Regressions predicting the relationship between microbial protein synthesis or 
efficiency of microbial protein synthesis and DMI, OMI, amounts of OMTD in the rumen, 
NDH, ADR, the rates of solid and liquid passages, net ATP production in the mmen, and g 
of NTD / 100 g of OMTD in the mmen are shown in Table 9 and Figure 4. Daily microbial 
protein synthesis was linearly correlated with DML as a % of BW (r"=.97); OML as a % of 
BW (r^=.97); amounts of OMTD in the mmen, as a % of BW (r"=.98); NDR, as a % of BW 
(r^=.65); ADR, as a % of BW (r^=.81); the rate of solid passage (r^=.9I); the rate of liquid 
passage (r^=.90); net ATP production in the mmen (r"=.92); and g of nitrogen tmly digested 
in the mmen (NTDR) / 100 g of OMTD in the mmen (r^=.50); the efficiency of microbial 
protein synthesis was quadratically correlated with DMI, as a % of BW (r"= 62); OMI, as a % 
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of BW (r=.60); amounts of OMTD in the rumen, as a % of BW (r=.71); NDFI, as a % of 
BW (r^=.71); the rate of solid passage (r=.92); the rate of liquid passage (r^=.78); net ATP 
production in the rumen (r^=.24); and g of NTD / 100 g of OMTD in the rumen (r"=.82). 
In stepwise multiple regressions predicting microbial CP synthesis and efficiency, 
OMTDR and g of NTD /100 g of OMTD in the rumen were chosen for microbial protein 
synthesis {y=-1.50 + 5.77 (OMTDR) + .51 (g of NTD / 100 g of OMTD; r=.99}. However, 
g of NTD / 100 g of OMTD alone was chosen for microbial efficiency {y= 10.55 + .83 (g of 
NTD / 100 g of OMTD; rV75}. 
Discussion 
The objectives of this study were to quantify and determine the factors affecting the 
amount and efficiency of microbial protein synthesis in sheep fed forages varying in nutritional 
quality. Therefore, we attempted to represent a wide range of forage types, including a low-
quality grass (com crop residues), a high-quality grass (oat-berseem clover hay), and a high-
quality legume (alfalfa hay). As expected, concentrations of OM, NDF, ADF, and CP were 
considerably different between forages. As a result of differences in chemical composition of 
forages, DMI and OMI were different between forages, also as expected (Chermiti et al., 
1996). 
As expected, DM digestibility of forages was significandy different. Lower apparent 
and true organic matter digestibilities for com crop residues and alfalfa hay (Klopfenstein et 
al., 1972) and total u-act digestibility for alfalfa (Merchen and Satter 1983) compared to the 
digestibilities observed in this study have been reported. However, concentrations of NDF 
and ADF in com crop residue and alfalfa were higher in the studies of Klopfenstein et al. 
59 
(1972) and Merchen and Salter (1983) compared to forages used in our study, which may 
explain differences between these studies. It has been observed that the digesubility of a given 
ration decreases as level of intake increases (Andersen et al., 1956). In contrast, apparent total 
tract digestibilities of oat-berseem clover and alfalfa hays were lower when limit-fed than 
when fed ad libitum in our study. This decrease was unexplained. However, Andersen et al. 
(1956) reported that effects of intake level are especially pronounced in diets consisting of 
hay-concentrate mixtures, but not forage alone. Digestibilities of NDF and ADF were higher 
in com crop residues and oat-berseem clover hay compared to alfalfa hay. Approximately 
90% of NDF and over 90% of ADF digestion occurred in the rumen in the current study, 
which was consistent with the findings of Ulyatt and MacRae (1974), Beever et al. (1972), 
and Funk et al. (1987). The CP digestion coefficient was directly related to the CP intake of 
sheep fed different forages, seemingly reflecting the effects of N recycling and endogenous-N. 
Total N flows to the duodenum were higher in sheep fed legume hays compared to 
sheep fed com crop residues because of greater amounts of microbial-N, NH3-N, and dietary-
N flow to the duodenum with hays compared to com crop residues. Even though there was 
approximately 17 g/d differences in NI between sheep fed oat-berseem clover and alfalfa hay, 
the difference in total-N flow to the duodenum was less than 5 g/d. The small differences in 
duodenal N flow have resulted from greater escape protein content and/or efficiency of 
microbial protein synthesis with oat-berseem clover compared to alfalfa hay at ad libitum 
intakes. Microbial protein supplied from 54.7 to 70.1% of total-N flow into the duodenum, 
which was in agreement with other results (Clark et al., 1992). Ammonia-N flow to the 
duodenum was higher in sheep fed alfalfa hay compared to sheep fed com crop residues or 
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berseem clover, apparently because of a greater amount of DIP content of alfalfa hay, as 
reported previously (Broderick, 1995). 
Sheep fed alfalfa hay or oat-berseem clover hay had niminal NH3-N concentrations at 
all sampling times in excess of 5 mg/dl, which is required for maximum microbial protein 
synthesis (Satter and Slyter, 1974). However, sheep fed com crop residues had NH3-N 
concentrations less than 5 mg/dl 4 to 10 h postfeeding, which may limit microbial protein 
synthesis. 
The results of the present study indicated that the level of intake, ruminal OM 
digestibility, protein degradability, and the passage rate of the forage diet influenced the 
amount of microbial protein flowing to the small intestine of sheep. Amounts of microbial 
protein flowing to the small intestine of sheep increased linearly with increasing OMI. 
Increasing OMI results in a greater substrate flow to the rumen, which may lead to greater 
microbial protein production (Sniffen and Robinson, 1987). Insamuch as the mean 
proportions of OM digested in the rumen from NDF digested were 95.9, 77.9, and 42.1% for 
sheep fed com crop residues, oat-berseem clover hay, and alfalfa hay, respectively, the high 
correlation between microbial protein synthesis and OMTDR seems to imply that the form of 
carbohydrate digested in the rumen does not influence microbial protein synthesis. Similar to 
our results, Merchen et al. (1986) reported similar amounts of microbial protein when sheep 
were fed similar diets containing 75% alfalfa or concentrate. Level of OMI will influence the 
most limiting nutrient for microbial protein synthesis. The increase in daily microbial protein 
synthesis with an increasing NTDRrOMTDR ratio was lower when forages were limit-fed 
(y=3.2169 + .8464x; r^= 999) than when they were fed ad libitum (y=l.I927 + 3.476x; 
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r= 998; Figure 4). Therefore, while amount of degradable N consumed primarily limited 
microbial protein synthesis at ad libitum digestible OM intakes, it has less effect on microbial 
protein synthesis relative to digestible OM intake in limit-fed sheep. Increased DMI also 
increases the ruminal turnover rates of solid and liquid digesta (Gomes et al., 1994). Slow 
rates of solid and liquid passage increases ruminal retention times of bacteria and, thereby, 
increases the maintenance energy requirements of bacteria (Stouthamer and Bettenschausen, 
1973; Polan, 1988). 
In contrast to our results, Djouvinov and Todorov (1994) reported no differences in 
the efficiency of microbial protein synthesis with increasing DMI. However, while Djouvinov 
and Todorov (1994) found no difference in the efficiency of microbial protein synthesis as 
DMI increased by 33%, the efficiency of microbial protein synthesis increased significantly as 
intake increased by 44%. In our study, DMI of sheep limit-fed oat-berseem clover or alfalfa 
hay were 40% less than those fed ad libitum. 
Similar to the research of others (Krysl et al., 1989; Funk et al., 1987), the efficiency 
of microbial protein synthesis was lower in sheep fed a low-quality roughage than when fed a 
forage with a higher digestibility. Whereas efficiencies of microbial protein synthesis were 7 
to 9 g MCP/lOO g OMTDR in steers grazing blue gramma range with a average true ruminal 
OM digestibility of 57.5% in the selected forage in the study of Krysl et al. (1989), the 
efficiency of microbial protein synthesis was 10.9 g MCP/lOO g OMTDR in sheep fed baled 
com crop residues with a true ruminal OM digestibility of 44.3% when fed ad libitum in our 
experiment. In contrast to the linear relationship between daily microbial protein synthesis 
and OMI, amounts of OMTDR, the NTDR:OMTDR ratio, and rates of passage of solid and 
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liquid digesta, the efficiency of microbial protein synthesis was quadratically related to these 
variables. Maximum efficiency of microbial protein synthesis, calculated from the first 
derivative of quadratic equation, occurred at DMI of 3.2 % of BW, OMI of 2.9% of BW, 
OMTDR of 1.9% of BW, 3.0 g NTDR/ 100 g OMTDR, .039 h ' kp and .093 h ' k^. The 
maintenance requirement and rate of growth vary with bacterial species (Hespell and Bryant, 
1979), but maintenance cost increases with low growth rates resulting in inefficient energy use 
(Polan, 1988). Therefore, efficiency of microbial protein synthesis increased as rates of 
passage increased. If bacteria flow from the rumen at a rate greater than the rate of division, 
efficiency of microbial protein synthesis could be reduced. 
Microbial growth is dependent upon amounts of energy, in the form of ATP, as well as 
N and trace minerals (Clark et al., 1992). In this experiment, net ATP production increased as 
the amount of OMTDR increased, as observed by Erfle et al. (1979). While microbial protein 
synthesis was linearly correlated with ruminal net ATP production (r^=.92), efficiency of 
microbial protein synthesis was not correlated with net ATP production (r"=.24), implying 
that energy spillage took place (Nocek and Russell, 1988). 
Implications 
Microbial protein synthesis and efficiency were lower in animals fed com crop residues 
compared to animals fed either alfalfa or oat-berseem clover hay. Microbial protein synthesis 
was proportional to organic matter intake, amounts of organic matter truly digested in the 
rumen, rates of nitrogen truly digested in the rumen to organic matter truly digested in the 
rumen, and rates of passage and net ATP production in the rumen. The efficiency of 
microbial protein synthesis was, however, more highly correlated with the rates of passage 
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and the rates of nitrogen truly digested in the rumen to organic matter truly digested in the 
rumen compared to organic matter intake and the amounts of organic matter truly digested in 
the rumen. 
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Table 1. Chemical composition of forage species fed to sheep. 
Forage species 
Items Com crop residues Oat\berseem clover Alfalfa SE" 
DM, % 90.8 91.5 90.9 .29 
% of DM 
OM 93.3'' 89.6' 91.9'' .35 
CP 4.1" 13.9' 18.1" .51 
NDF 75.7" 62.2' 42.0" 1.05 
ADF 43.3" 37.4' 28.4" 1.05 
' Standard error of means 
Row means without a common superscript differ from each other, P<.05. 
Table 2. Intakes of DM, OM, N, NDF and ADF by sheep fed different forages 
Forage species (sp) intake level (i) 
Item 
Corn crop residues Oat/berseem clover hay Alfalfa hay Significance 
Low High Low High ' Low High SE" sp i sp X i 
DM, 
g/d 474 481 603 962 564 1295 38.9 .01 .01 .01 
% of BW 1.44 1.69 1.80 3.11 1.81 4.52 .130 .01 .01 .01 
OM, 
g/d 446 452 539 883 519 1189 37.0 .01 .01 .01 
% o f B W  
N, 
g/d 
1.36 1.59 1.63 2.86 1.71 4.15 .122 .01 .01 .01 
3.32 3.92 13.5 21.7 16.4 38.5 1.51 .01 .01 .01 
NDF, 
g/d 357 349 374 609 241 561 21.2 .02 .01 .01 
ADF, 
g/d 201 202 224 364 165 384 17.8 .01 .01 .01 
"Standard error of means 
Table 3. Dry matter digested in rumen and total tract of sheep fed different forages. 
Forage species (sp) and intake level (i) 
Corn crop residues Oat/berseem clover hay Alfalfa hay Significance 
Item Low High Low High Low High SE® sp i spxi 
DM digested, g/d 
Apparent ruminal 143 141 198 298 198 519 26.8 .01 .01 .01 
True ruminal 212 204 288 458 289 766 30.7 .01 .01 .01 
Apparent total tract 205 205 278 509 287 780 39.2 .01 .01 .01 
Digestion coefficient, % of intake. 
Apparent ruminal 30.3 28.8 32.9 30.6 35.7 40.1 1.89 .01 .36 .03 
True ruminal 42.3 41.6 48.0 47.7 51.9 59.2 4.98 .01 .52 .09 
Apparent total tract 43.3 42.2 45.9 52.8 52.9 59.7 2.12 .01 .02 .09 
" Standard error of means 
Table 4. Organic mailer digested in rumen and total tract of sheep fed different forages. 
Forage species (sp) and intake level (i) 
Corn crop residues Oat/berseem clover hay Alfalfa hay Significance 
Item Low High Low High Low High SE** sp i spxi 
OM digested, g/d 
Apparent ruminal 202 205 245 368 245 589 24.8 .01 .01 .01 
True ruminal 267 268 335 528 335 836 29.8 .01 .01 .01 
Apparent total tract 237 240 288 515 306 769 34.3 .01 .01 .01 
Digestion coefficient, % of intake. 
Apparent ruminal 45.1 44.3 45.7 42.5 47.4 49.6 1.56 .57 .61 .08 
True ruminal 58.6 58.2 62.5 61.2 64.9 70.4 2.42 .07 .64 .18 
Apparent total trad 53.2 52.5 55.0 58.4 59.2 64.5 2.53 .01 .04 .06 
^ Standard error of means 
Table 5. Neutral detergent fiber and ADF digested in the rumen and total tract of sheep fed different forages. 
Item 
Forage species (sp) and intake level (i) 
Significance Corn crop residues Oatyberseem clover hay Alfalfa hay 
Low High Low High Low High SE' sp i sp X i 
NDF digested, g/d 
Apparent ruminal 204 188 186 294 100 255 23.1 .06 .01 .02 
Apparent total tract 207 197 208 354 109 288 24.5 .01 .01 .01 
Digestion coefficient, % of intake. 
Apparent ruminal 57.0 53.1 49.9 48.4 42.1 44.7 2.39 .01 .41 .49 
Apparent total tract 57.7 55.9 56.0 57.9 45.6 50.7 2.22 .01 .38 .21 
ADF digested, g/d 
Apparent ruminal 108 108 103 158 63 168 15.1 .46 .01 .05 
Apparent total tract 113 112 117 199 67 188 15.4 .05 .01 .01 
Digestion coefficient, % of intake, 
Apparent ruminal 53.4 52.0 46.7 43.5 38.9 42.4 2.85 .01 .96 .56 
Apparent total tract 55.6 54.3 .52.9 54.4 40.9 48.0 2.27 .01 .22 .18 
" Standard error of means 
Table 6. Crude protein digested in the rumen and total tract of sheep fed different forages. 
Forage species (sp) and intake level (i) 
Corn crop residues Oat/berseem clover hay Alfalfa hay Significance 
Item Low High Low High Low High SE* sp i sp x i 
CP digested, g/d 
Apparent ruminal -15.5 -10.2 16.6 23.7 38.8 97.7 7.5 .01 .01 .01 
True ruminal 6.7 12.5 52.3 89.1 80.7 195.6 10.6 .01 .01 .01 
Apparent total tract 3.5 6.5 51.9 87.8 74.9 182.2 9.2 .01 .01 .01 
Digestion coefficient, % of intake. 
Apparent ruminal -74.6 -45.5 18.9 16.9 36.5 39.8 4.1 .01 .03 .04 
True ruminal 35.7 43.9 62.8 65.5 77.7 82.2 9.6 .01 .53 .93 
Apparent total tract 15.0 25.8 61.3 64.2 72.2 75.1 3.1 .01 .14 .52 
"Standard error of means 
Table 7. Duodenal N flow and efficiency of microbial protein synthesis in sheep fed different forages. 
Forage species (sp) and intake level (i) 
Com crop residues Oat/berseem clover hay Alfalfa hay Significance 
Item Low High Low High Low High SE* sp i spxi 
N flow to duodenum, g/d 
Total-N 5.81 5.55 10.86 17.92 10.23 22.82 .78 .01 .01 .01 
Microbial-N 3.56 3.62 5.76 10.47 6.71 15.67 .97 .01 .01 .01 
NH3-N 0.24 0.23 0.55 0.76 0.71 1.22 .10 .01 .02 .13 
Dietary and 2.01 1.69 4.55 6.70 2.82 5.94 1.08 .01 .16 .50 
endogenous-N 
flow to duodenum, % of tolal-N flow 
Microbial-N 63.4 62.9 54.7 58.8 66.4 70.1 7.49 .24 .76 .88 
NHj-N 4.1 4.1 5.0 4.4 7.3 5.7 .80 .01 .81 .71 
Dietary and 32.5 33.0 40.2 36.8 26.3 24.2 7.86 .17 .78 .92 
endogenous-N 
fficiency of microbial protein synthesis. 
MOEEF, 10.8 10.9 12.7 14.2 14.4 12.9 1.15 .01 .93 .45 
g CP/100 g OMTDR 
"Standard error of means 
Table 8. The rales of fasi solid (kpf), slow solid (kps), and liquid (k^) passages of sheep fed different forages. 
Forage species (sp) and intake level (i) 
Corn crop residues Oal/berseem clover hay Alfalfa hay Significance 
Item Low High Low High Low High SE® sp i spxi 
.268 .280 .264 .231 .201 .263 .025 .63 .59 .27 
.015 .013 .018 .025 .022 .058 .006 .01 .23 .10 
.075 .077 .088 .089 .084 .103 .005 .01 .41 .10 
"Standard error of means 
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Table 9. Regression predicting the amount and efficiency of microbial protein synthesis from 
intake and digestion values in sheep fed different forages. 
Equations r^ 
Independent 
Variables Growth Efficiency Growth Efficiency 
DMI, %ofBW y= 3.83X - 1.49 y=-1.22x- + 7.82x + 2.43 .97 .62 
OMI, %ofBW y = :4.23x- 1.72 y= - 1.48X- +8.7 lx +2.03 .97 .60 
OMTDR, y = = 6.52x-l.22 y= - 3.66x + 13.61x +2.43 .98 .71 
% o f B W  
NDR, % ofBW y= 7.56X - 2.53 y= 9.15x--25.63 + 28.6 .65 .71 
ADFI, % ofBW y= 12.57X + 2.93 a .81 — 
kp,h-' y = :267.87x+1.08 y= -7948.5X- + 614.9x +4.13 .91 .92 
kd, h-' y = 441.26X-30.32 y= -11725x- + 2171.9x - 86.455 .90 .79 
ATP. mol/d y = l.56x-2.693 y=-l24x- + 2.20lx+4.35 .92 .24 
' Not significant, P>.05. 
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Figure 1. Total VFA concentrations in sheep fed different forages. CS=corn crop residues, Cs-L=corn crop residues at low level 
of intake, 0\Br=oai-berseem clover, ()\Br-L= oat-berseem clover at low level of intake, Alf=alfalfa hay, Alf-L=alfalfa hay at 
low level of intake. SE=5.21, 4.X2, 6.20, 8.78, 5,06, and 4.84 for from 0 to 10 h postfeeding, respectively. 
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Figure 2. Proportions of total VFA's in .sheep fed different forages, CS=corn crop residues, Cs-L=corn crop residues 
at low level of intake, 0\Br=oat-berseem clover, 0\Br-L= oat-berseem clover at low level of intake, Alf=alfalfa hay, 
Alf-L=alfall"a hay at low level of intake. 
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Figure 3. Ruminal NHj-N conlceniraiions in sheep fed dilTerenl forages. CS=corn crop residues, Cs-L=corn crop residues ai low level 
of intake, ()\Br=oai-berseem clover, 0\Br-L= oal-berseem clover at low level of intake, Alf=alfalfa hay, Alf-L=alfalfa hay at 
low level of intake. SE=1.59, 2.64, 1.98, 1.52, .82, and .82 for from 0 to 10 h post-feeding, respectively. 
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Figure 4. Regressions predicting relationship between microbial protein synthesis and 
efficiency. Mic=microbial nitrogen production (g/d), MOEFTF=efficiency of 
microbial protein synthesis (g MCP/lOO g OMTDR). 
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synthesized per 100 g TDN in diets fed at an ad libitum intake level. Digesta tlow and solid 
passage rate, liquid dilution rate, and microbial protein synthesis were determined using Cr-
mordanted fiber, Co-EDTA, and purines as markers. Dry matter intake, and the amounts of 
OM apparendy and truly digested in the rumen (OMTDR) increased (P<.01) with increasing 
hay proportion, but did not differ between hay species. Particulate turnover rate in the rumen 
was not significantly affected by hay proportion. Ruminal liquid dilution rate increased 
(P<.01) with increasing hay proportion and was greater (P<.01) in sheep fed diets containing 
oat-berseem clover hay than alfalfa hay. Ruminal ammonia-nitrogen concentrations decreased 
(P<.01) as com crop residuerhay ratio decreased. Total duodenal flows of microbial nitrogen 
were 10.1, 11.2, 13.5, 11.2, and 13.2 g/d in sheep fed diets containing com crop residues 
without hay or with the low and high levels of oat-berseem clover and alfalfa hays (P<.01), 
but MOEFF was not significantly different between diets. Total duodenal microbial-nitrogen 
flow to duodenum was highly related to OMI (r^=.96), and the amounts of OMTDR (r"=.96). 
However, MOEFF was quadratically related to the ratio of the amounts of N to the amounts 
of OMTDR (r^=.96). 
Key words; Forage, Protein Supplementation, Microbial Protein, Sheep. 
Introduction 
In order to meet the protein requirements of animals economically, prediction of the 
efficiency of bacterial CP synthesis (MOEET^) in the rumen is critical (NRC, 1996). 
Burroughs et al. (1974) observed that an average of 13.05 g microbial CP was synthesized for 
every 100 g TDN consumed. However, microbial CP synthesis is affected by the amounts and 
source of CP and carbohydrate consumed (Clark et al., 1992), the rates of CP and 
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carbohydrate degradation in the rumen (Brown and Pittman, 1991), and daily OMI (Clark et 
al., 1992; Djouvinov et al., 1994). Therefore, MOEFF has been reported to range from 8 g 
microbial CP per 100 g OM truly digested in the rumen (OMTDR) of cattle grazing blue 
gramma rangeland with protein supplementation (Funk et al., 1987) to 14.4 g microbial CP 
per 100 g OMTDR of sheep fed a diet containing 75% alfalfa and 25% concentrate (Merchen 
et al., 1986). 
In a previous experiment, MOEFF of sheep fed ground com crop residues, oat-
berseem clover or alfalfa forages at limited or ad libitum intake levels ranged from 10.8 to 
14.4 g microbial CP per 100 g OMTDR and was quadratically related to paniculate turnover 
rate, liquid dilution rate, and the ratio of N:OM truly digested in the rumen (NTDR:OMTDR) 
by sheep (Karsli and Russell, 1999). Because forages were not supplemented with protein, it 
was likely that microbial growth and forage digestion in sheep fed com crop residues were 
limited by inadequate degradable protein (DIP; Adamu et al., 1987), as was confirmed by low 
ruminal ammonia-nitrogen concentrations (Karsli and Russell, 1999) 
The objectives of this experiment were to determine the amounts and efficiency of 
microbial CP synthesis in sheep fed forage mixtures with different nutritional qualities when 
supplemented with protein to meet the DIP requiremenL Furthermore, we wished to 
quantitate relationships between the amount and efficiency of microbial CP synthesis and other 
dietary factors. 
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Materials and Methods 
Diets 
First harvest forage from a field containing a mixture of oats (Avena sativa L.) and 
berseem clover fTrifolium alexandrium cv. BigBee) was mowed when oats were at the boot 
stage. Third harvest alfalfa (Medicaeo sativa L.) forage was mowed at the first flower stage. 
The two hays and crop residues from com (Zea mays L.) were baled as large round bales and 
stored outside on tires until December 3, 1996. All forages were ground through the 5-cm 
screen of a tub-grinder and stored in a bam. 
At each feeding, com crop residues were fed with no hay or in mixtures at ratios of 
6.7:1 or 1.3:1 with oat-berseem clover or alfalfa hay as 80% of the DM. The remaining 20% 
of each diet was composed of com and soybean meal supplements balanced so that the diets 
were isonitrogenous and met the DIP requirements assuming a MOEFF of 13 g MCP per 100 
TDN consumed according to level 1 of the Nutrient Requirements of Beef Cattle computer 
program (Table 1; NRC, 1996). In the calculation of the diets, CP, DIP, and total tract 
digesdble OM concentrations of com crop residues, oat-berseem clover hay and alfalfa hay 
determined in a previous experiment (Karsli and Russell, 1999) were used. 
Animals and management 
Five mature wether sheep (47.5 kg BW) were each surgically fitted with a 2.5-cm 
(i.d.) rubber cannula in the rumen (Dougherty, 1981) and a closed t-type cannula in the 
proximal duodenum, approximately 5-cm posterior of the pyloric sphincter (Komarek, 1981). 
After a 20-d recovery period, sheep were utilized in a 5 x 5 Latin Square digestion experiment 
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with lO-d adaptation and lO-d collection phases. During the experiment, animals were housed 
in individual pens in a room with a constant temperature of 25°C. 
Diets were fed twice daily at 0800 and 2000 h at an intake level which was 115% of ad 
libitum level. Sheep had continuous access to clean water and a trace mineralized salt during 
the experiment To determine duodenal and fecal DM flow, 1.5 g chromium-mordanted fiber 
containing approximately 2% Cr (Russell et al., 1993) was inserted through the ruminal 
cannula of each sheep at 0800 and 2000 h from d 4 to 14 of each period. 
Samples of feed, orts, ruminal fluid, duodenal digesta, and feces were collected and 
processed at the same intervals and by the same methods as described in the companion paper 
(Karsli and Russell, 1999). Similarly, the particulate turnover rate was determined with Cr-
mordanted fiber using a two pool age-dependent model (Pond et al., 1980), liquid dilution rate 
was determined with Co-EDTA using natural logrithmic regression (Uden et al., 1980), and 
the amounts of nitrogen , OMTDR and net ruminal ATP production were calculated as 
described in the companion paper (Karsli and Russell, 1999). 
To determine the kinetics of N and OM degradation in the rumen, a composite sample 
of each feed from the five periods was prepared. Twenty-eight 3 g samples of each feed were 
placed in 10 xl2-cm Dacron bags with a mean pore size of 50 |im. Duplicate bags of each 
forage were attached to weighted rings, placed in the rumens of two fistulated steers grazing 
smooth bromegrass, and allowed to incubate for 0, 3, 6, 12, 24, 48, and 72 h. Bags were 
placed in the rumen at staggered times to allow all bags to be withdrawn simultaneously. 
Bags were washed in cold water until rinsates were clear and dried at 60°C for 48 h. Organic 
matter and N were analyzed as previously described in Karsli and Russell (1999). The kinetic 
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parameters associated with the disappearance of OM and N fractions from bags were 
estimated from a one-pool version of Mertens' (1977) discrete lag model of cell wall 
digestion. Modification of the model by Wechsler (1981), which allow estimation of both 
digestion and lag functions from a single formula were also incorporated. Model estimates of 
residual potentially digestible OM and N fractions, rate of digestion, and discrete lag times 
were obtained by fitting recovery data in the model, using nonlinear regression analysis (SAS, 
1985). 
Rate, lag time and digestible pool-size of N and OM were calculated for each diet, 
based on proportion of each feed in the diets, and the rate, lag time and pool-size of that 
feedstuff. 
Statistical Analysis 
Intake, digestibility, daily microbial protein synthesis, and microbial efficiency data 
were analyzed by GLM (SAS, 1985) for a 5 x 5 Latin Square design with main effects of 
animal, period, and hay species and hay proportions. Differences between hay species and 
proportions were compared with orthagonal contrasts. Linear and quadratic effects of 
increasing the proportions of hays on intake, digestibility, and the amounts and efficiency of 
microbial protein synthesis were determined by regression analysis (SAS, 1985). Ruminal 
ammonia and VFA concentrations at each sampling period were separately analyzed by GLM 
(SAS, 1985) for a 5 X 5 Latin Square design with main effects of animal, period, hay species, 
and hay proportion. Differences between hay species and proportions were compared with 
orthagonal contrasts. Chemical composition and ruminal digestion kinetics data were 
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analyzed using ANOVA (SAS, 1985) as one-way ANOVA. Differences between means of 
significant variables were tested by least significant difference (Steel and Torrie, 1980). 
In the literature, DMI (Djouvinov et al., 1994), OMI, amounts of OM digested (Clark 
et al., 1992), the ratio of N to OM digested in the rumen (Beever and Cottrill, 1994), the rates 
of solid (Rode et al., 1985) and liquid (Cole et al., 1976) passage, and synchronized release of 
N and carbohydrate (Sinclair et al., 1995) have been reported to be important factors affecting 
the microbial protein synthesis. Microbial protein synthesis requires energy in the form of 
ATP and particulate-associated microbes leave the rumen with solid particles that are highly 
undigested NDF and ADF. Therefore, net ATP production and NDFI and ADFI may also 
have some role in microbial protein synthesis. Because of the above relationships, linear and 
quadratic single regressions and stepwise multiple regressions (SAS, 1985) were calculated 
using amount or efficiency of microbial protein synthesis as dependent variables and DMI, 
OMI, NDn, ADFI, and the amounts of OMTDR as percentages of BW, g NTDR / 100 g 
OMTDR, total kcp;koni, solid turnover rate, liquid dilution rate, and net ATP production in the 
rumen as independent variables. 
Results 
As designed, CP concentrations were similar, but NDF and ADF concentrations of 
diets were lower (P<.05) as the proportions of oat-berseem clover or alfalfa hay in the diets 
increased (Table 1). Increasing the proportions of either hay decreased (P<.03) the lag time 
of dietary N digestion compared to the com crop residue diet without hay. The in situ rate of 
N digestion, however, decreased (P<.05) with increasing proportion of oat-berseem clover 
hay, but increased (P<.05) with increasing proportion of alfalfa hay. Increasing proportion of 
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hay increased (P<.03) the potentially digestible N pool size in the diets. Increasing the 
proportion of either hay in the diets had no effect on the lag time and pool-size of dietary OM 
digestion, but increased (P<.02) the in situ rate of OM digestion. 
Intakes of DM, OM, N, NDF and ADF, expressed as g/d or percentage of BW, by 
sheep increased linearly (P<.05) as the proportions of hay in diets increased (Table 2). There 
were no differences in intake of DM or its components between sheep fed diets containing 
either hay. Because sheep were fed at 115% of the ad libitum intake level, there was a great 
deal of selection of feed in diets. While SBM and com almost completely consumed, the stalk 
portion of com crop residues was partially rejected by sheep, resulting in higher N intakes 
than estimated in diet calculations. Although dietary CP concentrations were 10.3 to 10.9%, 
CP concentrations in orts were less than 4.5%. 
Increasing the proportions of hays in diets linearly increased (P<.05) the amounts and 
proportions of DM tmly digested in the rumen and apparently digested in total tract (Table 3). 
Sheep fed diets containing com crop residues with alfalfa hay had greater (P<.07) amounts 
and digestion coefficients of DM apparently or uiily digested in the rumen than sheep fed diets 
containing com crop residues with oat-berseem clover hay . However, the amount and 
digestion coefficient of DM apparently digested in the total tract did not differ between sheep 
fed diets containing either oat-berseem clover or alfalfa hay. Similar to DM, amounts of OM 
apparently and truly digested in the mmen and total tract linearly increased (P<.01) with 
increasing proportions of hays in diets (Table 4). However, hay species did not affect the 
amounts of OM apparendy and truly digested in the rumen or apparently digested in the total 
tract. The digestion coefficient of OM apparently and truly digested in the rumen did not 
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differ between sheep fed diets containing com crop residues with or without hay. However, 
the apparent total tract digestion coefficient of OM tended to be higher (P=.08) in sheep fed 
diets containing mixtures of com crop residues and hays than in those fed diets containing 
com crop residues without hay. Furthermore, true digestion coefficients for OM in the mmen 
and apparent digestion coefficients for OM in total tract were higher (P<.05) in sheep fed 
diets containing oat-berseem clover or alfalfa hay at higher levels than in those fed diets 
containing the hays at lower levels. 
The amount of NDF digested in the rumen and total tract linearly increased (P<.05) 
with increasing proportion of hays in diets (Table 5). While NDF intake varied from 516 to 
650 g/d in sheep fed different diets (Table 2), the amounts of indigestible NDF excreted by the 
sheep ranged from 256 to 292 g/d, implying a role of NDF in controlling feed intake. Similar 
to NDF, amounts of ADF digested in the mmen and the total tract were greater (P<.07) in 
sheep fed com crop residues with the high level of oat-berseem clover or alfalfa hay than 
sheep fed com crop residues without hay or with the low level of the two hays (Table 5). 
However, hay species did not affect the amount of ADF digested either in the mmen or total 
tract. Furthermore, the ruminal and total tract digestion coefficients for both NDF and ADF 
were not affected by either the species or proportion of hay in the diets. 
Amounts of CP apparently digested in the rumen did not differ in sheep fed diets 
containing com crop residues with or without hays (Table 6). But the amounts of CP tmly 
digested in the mmen were higher (P<.04) and apparently digested in total tract tended to be 
higher (P=. 11) in sheep fed diets containing com crop residues with hays than com crop 
residues alone. Amounts of CP apparendy digested in the rumen did not differ between the 
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two proportions of hay in the diets. However, sheep fed diets containing com crop residues 
with oat-berseem clover or alfalfa hays at the high level had greater amounts of CP truly 
digested in the rumen (P<.04) and apparently digested in total tract (P<.07) compared to 
sheep fed diets containing com crop residues without hay or with the low level of hays. 
Although these differences in the amounts of CP Uiily digested in the rumen and apparendy 
digested in the total tract were observed, hay supplementation did not affect the apparent and 
tme digestion coefficient in the rumen or the apparent total tract digestion coefficient for CP. 
Addition of increasing proportions of hay in diets linearly increased (P<.03) duodenal 
flow of total-N and microbial-N in sheep (Table 7). However, duodenal flow of NH3-N and 
undegraded dietary-N did not differ between sheep fed different diets. The proportion of total 
duodenal N flow as NH3-N was linearly decreased (P<.01) with increasing proportions of hay 
in diets. Although the amount of microbial-N flow into the duodenum was greater (P<.03) in 
sheep fed diets containing the two hays, MOEFF did not differ between sheep fed the different 
diets. 
Total VFA concentrations were similar in sheep fed different diets at all sampling 
times, except at 0 h sampling, (Figure 1). At feeding, sheep fed diets containing com crop 
residues with high levels of oat-berseem clover or alfalfa hay had greater total VFA 
concenuations than sheep fed diets containing com crop residues without hay or with low 
levels of oat-berseem clover or alfalfa hay. This result was seemingly caused by greater 
amounts of OM digested in the rumen of sheep consuming the diets containing the high levels 
of hay. 
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Although diets were formulated to be isonitrogenous and meet DIP requirements, 
sheep fed diets containing com crop residues with the high level of alfalfa hay had the lowest 
(P<.01) ruminal NH3-N concentrations and sheep fed diets containing com crop residues 
without hay had the highest ruminal NH3-N concentrations at all sampling times. Sheep fed 
diets containing the low level of hays had greater (P<.05) ruminal NH3-N concentrations than 
those fed diets containing the high levels of hays (Figure 2). These increases may reflect 
insufficient energy for bacteria to utilize NH3-N in sheep fed com crop residues without hay 
or with the low level of hays because of the low intake of OMTDR. Furthermore, sheep fed 
com crop residues with oat-berseem clover hay had greater (P<.05) ruminal NH3-N 
concentrauons at all sampling times than sheep fed alfalfa hay. 
The fast particulate turnover rate did not differ between sheep fed different forage-
based diets (Table 8). Although the slow particulate tumover rate tended to be greater 
(P=.I6) in sheep fed diets containing com crop residues with hays, liquid dilution rates were 
greater (P<.01) in sheep fed the two hays than in those fed diets containing com crop residues 
without hay. Similarly, the mminal slow particulate tumover rate (P<.08) and liquid dilution 
rate (P<.01) were lower in sheep fed diets containing com crop residues with the low level of 
oat-berseem clover or alfalfa hay than in those fed diets containing the high hay level. These 
differences in particulate and liquid passage rates reflect the differences in feed intake 
observed between forage levels. 
In regressions, amounts of microbial protein synthesis in the mmen were linearly 
correlated with DMI as percentage of BW (r"=.96), OMI as percentage of BW (r^=.94), 
NDFI as percentage of BW (r'=.85), ADR as percentage of BW (r~=.79), amounts of 
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OMTDR as percentage of BW {r=.94), the rate of slow particulate passage (r^=.85), liquid 
dilution rate (r^=.65), net ATP production in the rumen (r^=.93), and the ratio of rates of N 
and OM truly digested in the rumen (r^=.53) (Table 9). Although MOEET^ was not 
significantly different between diets, it was quadratically correlated with DMI as percentage of 
BW (r=.46), OMI as percentage of BW (r^=.49), ADH as percentage of BW (r"=.55), 
amounts of OMTDR as percentage of BW (r^=.47), the rate of solid passage (r^=.43), net 
ATP production in the rumen (r^=.50), g NTDR / 100 g OMTDR (r"=.96), and the ratio of 
rates of N and OM truly digestion in the rumen (r^=79). 
In stepwise multiple regressions predicting relationship between amount and efficiency 
of microbial protein synthesis with the intake and digestion variables evaluated, DMI was 
chosen for prediction of daily microbial protein synthesis {y= - .27 + 6.21 (DMI); r'=.96} and 
g NTDR / 100 g OMTDR was chosen to predict MOEFF {y= 9.82 + 1.5 (g NTDR/1(X) g 
OMTD); r'=.62}. 
Discussion 
As expected, increasing the proportion of hays to com crop residues in diets increased 
intakes of DM, OM, and OM digested in the rumen and total tract. However, the digestion 
coefficients of OM were similar among diets. Amounts of NDF and ADF digested in the 
rumen and total tract were higher in sheep fed com crop residues with the two hays primarily 
because of higher intakes of NDF and ADF in sheep with those diets. Digestion coefficients 
of NDF and ADF were similar among diets. Approximately 90% of NDF and ADF digestion 
took place in the rumen which was in agreement with previous reports (Beever et al., 1976; 
Funk et al., 1987). Although diets were isonitrogenous, the amounts of CP truly digested in 
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the rumen of sheep were higher in sheep fed com crop residues with the two hays than sheep 
fed diets containing com crop residue. However, digestion coefficients of CP were similar 
between diets. 
Total-N flow to the duodenum tended to be greater in sheep fed com crop residues 
with the two hays because of the greater amounts of microbial-N flowing into duodenum in 
sheep fed these diets. In contrast, total non-microbial-N flow into duodenum were similar in 
sheep fed different diets. Microbial, and dietary and endogenous-N flows expressed as 
percentages of total N flow into duodenum were similar between diets, but ruminal NH3-N 
concentrations were lower in sheep fed com crop residues with the high level of alfalfa, 
probably reflecting more efficient utilization of N by microbes in sheep fed this diet. 
Microbial protein supplied from 63.5 to 69.0% of total N flow to duodenum which falls into 
range reported by others (Sniffen et al., 1987; Clark et al., 1992; NRC, 1996). Although 
sheep fed com crop residues with alfalfa hay at the high level had lower ruminal NH3-N 
concentrations compared to sheep fed other diets, sheep fed com crop residues with high level 
of alfalfa had NH3-N concentrations less than 5 mg/dL only at 6 h post-feeding. Therefore, 
mminal NH3-N concentrations should not have limited microbial protein synthesis in sheep fed 
these diets (Satter et al., 1974). 
Similar to our previous study, results of this study suggested that intake, the amounts 
of OMTDR and the solid and liquid tumover rates of the forage diets influenced the amount 
of microbial protein flowing into the small intestine. Increasing DMI, OMI and the amounts 
of OMTDR linearly increased amount of microbial protein flowing into the duodenum, as 
previously reported (Gomes et al., 1994; Djovinov et al., 1994; Sniffen et al., 1987). 
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Increased DMI also increased turnover rates of solid and liquid digesta (Gomes et al., 1994). 
Increases in the ruminal retention time of solid and liquid digesta increases the maintenance 
energy requirements of bacteria resulting in less microbial protein production in the rumen 
(Polan, 1988). Combining the results of this and our previous experiment (Karsli and Russell, 
1999) resulted in regressions predicting the amount of microbial protein flowing into the 
duodenum from the amounts of DMI, OMI or OMTDR accounted for 96% the variation. In 
stepwise multiple regressions predicting amount of microbial protein synthesis in the rumen, 
the amounts of OMTRD and net ATP production were chosen when data from previous and 
current study were combined {y= -4.25 + 23.83 (OMTDR) - 1.52 (ATP); r^=.99}. 
As calculated assuming an efficiency 13 g MCP/lOO g of Total digestible nutrient 
(TDN) using the level 1 of the Nutrient Requirement for Beef Cattle computer program 
(NRC, 1996), MOEET did not differ between diets in the present experiment. Efficiencies of 
microbial protein synthesis expressed as g of MCP/lOO g of OMTDR ranged from 12.6 to 
13.8, which are in agreement with the results of Djouvinov et al. (1994), but higher than the 
results of Funk et al. (1987) and Krysl et al. (1989). Although it has been assumed that 
MOEFF might be lower with low quality forages because of low turnover rates of low quality 
forages (NRC, 1996), MOEFF was approximately 13 g MCP/lOO g OMTDR, regardless of 
the com crop residue to hay ratios of the diets in our study. Furthermore, because 
concentrations of non-fiber carbohydrate ranged from 24 to 35% of the diet DM, this 
constituent did not influence MOEET. While Djouvinov et al. (1994) found no difference in 
the MOEFF as DMI increased by 33%, MOEFF linearly increased as intake increased by 44%. 
In our study, addition of hay to the basal diet increased DMI only by 25%, which may have 
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been inadequate to cause significant difference in MOEFF between diets. In contrast to the 
linear relationship between daily microbial protein synthesis and intake or digestion 
parameters, MOEFF was quadratically related to DMI, OMI, ADH or OMTDR as 
percentages of BW, net ATP production in the rumen, the rate of solid passage, rates of 
N:OM degradation ratio, and the NTDR;OMTDR ratio. In comparison to our previous study 
(Karsli and Russell, 1999), the proportion of variation explained by regressions predicting 
MOEFF in this experiment were significantly lower than our previous experiment (Karsli and 
Russell, 1999), except for the ratio of the rates of N:OM degradation, and the 
NTDR:OMTDR ratio. The r^ values of regressions predicting MOEfT from intake of DM 
and its components may have resulted from the lack of adequate differences in intake of sheep 
to cause large differences in digesta passage. Furthermore, the use of diets balanced for DIP 
requirement may also have resulted in similar MOEFF. When data from our previous 
experiment in which different forages were fed to sheep without supplementation (Karsli and 
Russell, 1999) were combined with this experiment, the regression between MOEFF and slow 
particulate turnover rate accounted for 44% of variation in MOEFF (y= - 3843. Ix" + 302.4x + 
.68). Although maintenance requirements and rates of growth vary with bacteria species 
(Hespell and Bryant, 1979), maintenance cost for microbial production increases with low 
growth rates resulting inefficient energy use (Polan, 1988). Therefore, MOEFF increased as 
rate of passage increased, but may have decreased at higher rates of passage at which bacteria 
flow from rumen may exceed the rate of division. 
Microbial protein synthesis requires adequate amounts of ATP as energy source (Clark 
et al., 1992). As previously observed by Erfle et al., (1979), calculated net ATP production 
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increased as the amount of OMTDR increased. Similar to our previous study (Karsli and 
Russell, 1999), the amount of microbial protein flow to the duodenum was linearly related 
with ruminal net ATP production (r^=.93), but MOEFF was not highly correlated with net 
ATP production (r^=.50), implying that energy was not efficiently used for microbial growth. 
The proportion of variation in daily microbial protein synthesis accounted for by net ATP 
production did not change when data from this experiment were combined with data from our 
previous study with unsupplemented forages (Karsli and Russell, 1999). 
Synchronizing the release of N with that of energy has increased the efficiency of 
microbial protein synthesis (Sinclair et al., 1993). Because 96% of the variation in MOEFF 
was accounted for by the NTDRrOMTDR ratio, our results confirmed those of Sinclair et at. 
(1993). Furthermore, when data from our previous study with unsupplemented forages and 
those from our current study with supplemented forages were combined, MOEFF was highly 
correlated with the ratio of the rates of N;OM degradation (y= -31.4x" + 72.0x - 27.7; r"=.63) 
and the NTDRrOMTDR ratio (y= -.34x" + 2.39x +9.58; r^=.80). In stepwise multiple 
regression, the ratio of the rate of N:OM degradation (r* = .63), the NTDRrOMTDR ratio (r 
= .80), particulate turnover rate(r' = .44), net ATP production (r" = .25) and ADR as 
percentage of BW (r' = .46) were chosen to predict the MOEFF {y= 12.25 - 2.95 (ADFT) + 
1.47 (NTDRrOMTDR ratio) -.33 (ATP) + 96.6 (kp) - .22 (rates of NrOM degradation ratio); 
r^=.999}. The positive coefficient predicting MOEFF and the ratio of NrOM truly digested in 
the rumen implies that an adequate amount of degradable N is needed to optimize energy use 
for microbial growth. But the negative coefficient for the ratio of the rate of N and OM 
degradation implies that synchronized release of N and energy is also necessary to optimize 
96 
microbial growth because of the high solubility of protein and slow degradability of 
carbohydrates in low quality roughages. The positive coefficient for passage rate reflects the 
effects of passage rate on energy distribution between growth and maintenance. Negative 
coefficient for ADF intake and net ATP production, however, are difficult to explain. 
Implications 
Microbial protein synthesis was lower in sheep fed com crop residues than sheep fed 
com crop residues with either oat-berseem clover or alfalfa hay at ratios of 6.7:1 or 1.3:1 in 
isonitrogenous diets. Efficiency of microbial protein synthesis, however, was similar among 
diets. Daily microbial protein synthesis was proportional to dry matter intake, organic matter 
intake, amounts of organic matter tmly digested in the mmen, rate of solid passage, and net 
ATP production in the mmen. However, the efficiency of microbial protein synthesis was 
correlated to the ratio of nitrogen truly digested in the mmen to organic matter truly digested 
in the rumen, the ratio of rates of CP tmly digested in the rumen to organic matter tmly 
digested in the mmen, and rate of solid passage. 
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Table 1. Composition and chemical composition forage-based diets fed to sheep. 
Diets 
Hay species and level, 
Oat/berseem Alfalfa 
clover hay hay 
Items Com crop residues 10% 35% 10% 35% SE** 
Ingredients 
.% of total diet 
Com crop residues 79 69 45 69 45 
Oat-berseem clover - 10.3 35 - -
Alfalfa hay - - - 10.3 35 
Com grain 5 8.3 15 10.3 20 
SBM-44% CP 16 12.4 5 10.3 -
Trace mineral salL,g/d 50 50 50 50 50 
Calculated CP fractions'. 
DIP, % of dietary CP 66.8 69.6 72.8 72.1 72.3 
UIP, % of dietary CP 33.2 30.4 27.2 27.9 27.7 
Microbial CP, g/d 41.0 43.4 55.8 47.8 57.8 
Chemical composition of diets. 
% of DM 
OM 93.6 93.2 93.1 93.6 93.8 .33 
CP 10.7 10.6 10.9 10.3 10.4 .19 
NDF 65.9' 64.5' 61.0' 62.8^ 55.4« .51 
ADF 36.9' 35.9" 33.9' 35.6^ 31.5« .40 
In situ digestion kinetics. 
Digestion kinetics of N, 
k, h ' .089' .085' .081'' .089' .119' .003 
Lag, h 2.54' 2.45" 2.34' 2.45' 2.33' .02 
Pool, % of total N 67.8' 67.9' 69.9" 69.4" 73.5' .57 
Digestion kinetics of OM, 
k, h ' .079' .081' .089" .087" .110' .003 
Lag, h 2.56 2.43 2.57 2.73 2.20 .06 
Pool, % of total OM 66.8 66.1 66.0 66.5 66.0 .94 
' Percentage of dietary DM. 
'' Standard error of means. 
Means with different superscripts significantly differ from each other, (P<.05). 
'Calculated from data in Karsli and Russell (1999) and NRC (1996). 
Table 2. Intakes of DM, OM, N, NDF, and ADF by sheep fed different forage-based diets. 
Diets 
Hay species (h) and level (1), 
Items Corn crop residues 
Oal/berseem clover Alfalfa 
se" 
Significance 
10 35 10 35 Diet h 1 
DMI, 
g/d 822 857 1086 917 1083 32.5 .01 .40 .01 
% o f B W  1.71 1.77 2.20 1.89 2.17 .06 .01 .48 .01 
OMI, 
g/d 768 798 1013 859 1020 30.2 .01 .28 .01 
% o f B W  1.60 1.64 2.05 1.77 2.04 .06 .01 .34 .01 
NI, 
g/d 15.5 16.4 19.4 17.5 18.6 .67 .01 .81 .01 
NDF, 
g/d 516 541 650 540 587 24.3 .03 .23 .01 
ADF, 
g/d 276 276 336 285 308 13.2 .05 .49 .01 
® Percentage of dietary DM. 
'' Standard error of means. 
Table 3. Dry mailer digesied in rumen and loial iraci of sheep fed differenl forage-based diets. 
Diets 
Hay species (h) and level (1), 
Oat/berseem clover Alfalfa Significance 
Items Corn crop residues 10 35 10 35 SE'' Diet h 1 
DM digested, g/d 
Apparent ruminal 256 254 328 289 389 14.6 .01 .01 .01 
True ruminal 414 434 561 469 592 16.8 .01 .07 .01 
Apparent total tract 381 415 590 441 608 23.1 .01 .27 .01 
Digestion coefficient, % of intake, 
Apparent ruminal 31.1 29.9 30.2 31.3 35.9 1.05 .01 .06 .10 
True ruminal 50.4 50.8 51.8 51.1 54.7 .27 .01 .01 .01 
Apparent total tract 46.5 48.2 53.8 48.4 56.0 1.72 .01 .45 .01 
® Percentage of dietary DM. 
'' Standard error of means. 
Table 4. Organic mailer digesied in rumen and loial iraci of sheep fed different forage-based diets. 
Diets 
Hay species (h) and level (1), %" 
Oal/berseem clover Alfalfa Significance 
Items Corn crop residues 10 35 10 35 SE** Diet h 1 
OM digested, g/d 
Apparent ruminal 346 335 445 372 465 16.9 .01 .10 .01 
True ruminal 503 510 678 552 670 20.1 .01 .43 .01 
Apparent total tract 432 451 620 489 627 20.9 .01 .28 .01 
Digestion coefficient, % of intake. 
Apparent ruminal 45.0 42.3 43.9 43.4 45.6 1.28 .46 .27 .14 
True ruminal 65.5 64.7 67.0 64.5 65.7 .84 .28 .35 .05 
Apparent total tract 56.3 56.4 61.2 57.4 61.4 1.58 .08 .96 .01 
® Percentage of dietary DM. 
Standard error of means. 
Table 5. Neutral detergent fiber and ADF digested in the rumen and total tract of sheep fed different forage-based diets. 
Diets 
Hay species (h) and level (1), %' 
Items Com crop residues 
Oat/berseem clover Alfalfa 
SE" 
Significance 
10 35 10 35 Diet h 1 
NDF digested, g/d 
Appaient ruminal 250 247 340 253 278 15.8 .01 .15 .01 
Apparent total tract 260 277 358 266 303 18.4 .02 .10 .01 
Digestion coefficient, % of intake. 
Apparent ruminal 48.4 45.3 51.8 47.6 46.9 1.75 .17 .52 .17 
Apparent total tract 50.4 50.7 54.8 49.9 50.9 1.82 .36 .23 .18 
ADF digested, g/d 
Apparent ruminal 121 107 130 113 124 8.9 .40 .98 .07 
Apparent total tract 128 118 157 120 128 10.2 .12 .24 .05 
Digestion coefficient, % of intake. 
Apparent ruminal 4.15 40.1 39.3 43.1 40.5 1.90 .50 .47 .79 
Apparent total tract 46.0 42.6 41.1 45.0 42.4 2.32 .45 .28 .69 
® Percentage of dietary DM. 
Standard error of means. 
Table 6. Crude protein digested in the rumen and total tract of sheep fed forage-based diets. 
Diets 
Hay species (h) and level (1), 
Oat/berseem clover Alfalfa Significance 
Items Corn crop residues 10 35 10 35 SE*" Diet h 1 
CP digested, g/d 
Apparent ruminal -2.0 .54 -7.7 -2.1 -3.1 5.5 .82 .86 .40 
True ruminal 61.3 70.4 76.7 67.7 79.4 4.0 .04 .99 .04 
Apparent total tract 56.2 60.3 68.7 62.9 70.3 4.1 .11 .59 .07 
igestion coefficient, % of intake, 
Apparent ruminal -8.5 1.1 -6.4 -2.1 -4.0 7.0 .76 .95 .50 
True ruminal 59.8 68.9 62.9 62.5 67.5 4.0 .39 .82 ,91 
Apparent total tract 56.3 59.0 56.2 57.8 60.2 3.1 .71 .65 .94 
® Percentage of dietary DM. 
Standard error of means. 
Table 7. Duodenal N flow and efficiency of microbial protein synthesis in sheep fed different forage-based diets. 
Diets 
Hay species (h) and level (1), %" 
Oat/berseem clover Alfalfa Significance 
Items Corn crop residues 10 35 10 35 SE*' Diet h 1 
N flow to duodenum, g/d 
Total-N 15.9 16.3 20.7 17.8 19.1 1.05 .07 .99 .02 
Microbial-N 10.1 11.2 13.5 11.2 13.2 .67 .03 .82 .01 
NHj-N 1.5 1.4 1.5 1.4 1.0 .14 .12 .15 .26 
Dietary and 4.2 3.7 5.7 5.2 5.0 .7 .35 .58 .25 
endogenous-N 
flow to duodenum, % of total-N flow 
Microbial-N 63.9 68.5 65.5 63.5 69.0 2.52 .39 .78 .64 
NH.rN 9.8 8.6 7.2 8.5 5.1 .64 .01 .14 .01 
Dietary and 26.3 22.8 27.3 28.0 25.8 2.45 .59 .48 .66 
endogenous-N 
ic efficiency of microbial protein synthesis, 
MOEEF, 12.9 13.8 12.7 13.0 12.6 .78 .57 .41 .19 
gCP/l(K)gOMTDR 
® Percentage of dietary DM. 
^ Standard error of means. 
Table 8. The rates of fast solid (kpf), slow solid (kps), and liquid (kj) passages of sheep fed different forage-based diets. 
Diets 
Hay species (h) and level (1), %" 
Oat/berseem clover Alfalfa Significance 
Items Corn crop residues 10 35 10 35 SE** Diet h 1 
h"' 
kpf, .245 .238 .254 .216 .268 .065 .71 .26 .71 
kps .021 .025 .029 .025 .033 .007 .16 .23 .08 
kj, .065 .076 .097 .066 .076 .005 .01 .01 .01 
® Percentage of dietary DM. 
'' Standard error of means. 
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Table 9. Regression predicting the amount and efficiency of microbial protein synthesis from 
intake and digestion values in sheep fed diets. 
Equations r^ 
Independent 
Variables Growth Efficiency Growth Efficiency 
DMI y= 6.29x - 0.406 y= -4.l8x+ 15.07x-.307 .96 .47 
OMI y =6.56x - .099 y= -.3.14X-+ 10.04X + 5.26 .94 .49 
OMTDR y = 9.08x+ 1.03 y= :-2.1x+ 15.5 .94 .47 
NDFI y= 11.5x- 1.33 y= - 12.03x^ + 26.72x- 1.70 .85 .22 
ADFI y = 27.9x - 5.07 y= 146.9x^- 186.6X +79.70 .79 .55 
y = 294.23x + 4.01 y= -12097x^ + 608.9x + 5.56 .85 .42 
Ki y = 91.239x + 4.91 a .65 a 
NTDR:OMTDR y= 7.44x^ - 26.4X + 36.05 a .96 
ATP y = 1.04X + 2.61 y= -.059x^ - 1.32x + 19.93 .93 .50 
y = -66.8x + 20.4 y= 1261.9x^-290.4x + 29.3 .53 .79 
^Not significant, (P>.05). 
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Figure I. Total VFA concentrations in the rumen fluid of sheep fed different forage based diets. CS=com crop residues alone, Cs-Br-
L=com crop residues with low level of oui-berseem clover, Cs-Br-H= com crop residues with high level of oat-berseem 
clover, Cs-Alf-L=com crop residues with low level of alfalfa hay, Cs-Alf-H= com crop residues with high level of alfalfa hay. 
SE=9.55, 8.26, 8.56, 8.96, and 7.41 for from 0 to 8 h post-feeding, respectively. 
Sampling times, h 
Figure 2. Rumen NH.i-N concentrations in sheep fed different forage based diets. CS=com crop residues alone, Cs-Br-
L=com crop residues with low level of oai-berseem clover, Cs-Br-H= com crop residues with high level of oat-berseem 
clover, Cs-Alf-L=com crop residues witli low level of alfalfa hay, Cs-Alf-H= com crop residues with high level of alfalfa hay. 
SE=1.23, 1.29, 1.21, 1.24, and 1.26 for from 0 to 8 h post-feeding, respectively. 
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GENERAL DISCUSSION 
In the review of literature, factors affecting the amount and efficiency of microbial 
protein synthesis have been reported to be DMI, amounts and source of protein and 
carbohydrate, rate of carbohydrate and protein degradation, rates of particulate and liquid 
turnover, and trace minerals. Although many researchers reviewed these factors, there is no 
research, which extensively looked at these factors all together. 
Forages gready differ in their chemical composidon, resulting in different intakes of 
CP, DMI, type of carbohydrate, rates of CP and carbohydrate digestion, and rates of 
particulate and liquid turnover. Therefore, we hypothesized that the amount and efficiency of 
microbial protein synthesis may differ among forages because of different factors inherent in 
forages. The overall objective of these two experiments was to quantify the amount and the 
efficiency of microbial protein synthesis and to determine the factors affecting the amount and 
the efficiency of microbial protein synthesis in sheep fed forages of varying nutritive value. 
Three different forage types; low quality grass (com crop residue), medium quality grass (oat-
berseem clover hay) and high quality legume (alfalfa hay) were chosen in the fu-st experiment 
to include a wide-range of forage types so that we can obtain different intake levels, 
digestibilities, rates of passage, and ratios of nitrogen to OM U-uly digested in the rumen, 
which have been reported to influence the amount and efficiency of microbial protein synthesis 
in the rumen. Furthermore, these forages fed to sheep in two levels of intake to see direct 
effect of intake on the amount and efficiency of microbial synthesis. Forages supplemented to 
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meet the DIP requirement in second experiment to see the effect of protein supplementation 
on amount and efficiency of microbial protein synthesis. 
As expected, amount of DM, OM, CP, and type of carbohydrate significantly differed 
in sheep fed forages varying in nutritional quality. As result of increased intake, rate of 
particulate and liquid turnovers also significandy differed between sheep fed forages varying in 
nutritional quality. These differences resulted in significandy different amounts and 
efficiencies of microbial protein synthesis in the rumen in the first experiment Although 
increasing hay proportions in diets linearly increased amounts of DM and OM digested in the 
rumen, it was not sufficient enough to affect rate of particulate turnover. Furthermore, 
because all diets were calculated to meet the DIP requirement, the range of difference for the 
ratio of CP:OM truly digested was very small. Therefore, increasing the proportion of hay 
linearly increased amount of microbial protein synthesis, but did not affect the efficiency of 
microbial protein synthesis. The magnitude of differences in intake between two experiments 
may explain the differences in the efficiencies of microbial protein synthesis. Previous studies 
showed that even though increasing level of intake increases the efficiency of microbial protein 
synthesis, the magnitude of differences in intake is the most important It has been reported 
that while increasing level of intake clearly increased the efficiency of microbial protein 
synthesis in dairy cow and sheep, this is not very clear with beef cow. This difference between 
sheep and dairy cow versus beef cow was atuibuted to the magnitude of differences in intake 
of these animals, because while intakes of sheep and dairy cow may range from less than 1% 
of BW to up to 5% of BW of animals, intake of beef cow range from I % of BW to 3% of 
BW. 
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The amount of microbial protein synthesis linearly increased with increasing amounts 
of DMI, OMI, amount of OMTDR, and net ATP production in the rumen in both 
experiments. Increasing intake increases the amount of substrate available microbial protein 
synthesis. Therefore, more substrate results in more microbial protein synthesis, regardless of 
the efficiency of microbial protein synthesis. Increasing intake also increases the flow of 
digesta from the rumen into duodenum, thereby, increasing flow rate of microbial-N from 
rumen into duodenum. The synthesis of microbial protein requires energy in the form of ATP, 
thus, increasing net ATP production linearly increased the amount of microbial protein 
synthesis. 
The efficiency of microbial protein synthesis was quadratically related to DMI, OMI, 
amount of OMTDR as percentage of BW, rate of solid passage, rate of liquid passage, g 
NTDR/lOO g of OMTDR in both experiment and the rates of CP to OM digested in the rumen 
in second experiment However, when data from first and second experiment were combined, 
correlations between DMI, OMI, amount of OMTDR as percentage of BW, and rale of liquid 
passage and MOEFF were not as significant as they were in first experiment Although 
correlation between the rate of solid passage and MOEFF was highly significant in first 
experiment, rate of solid passage accounted for 44% variation in MOEET when data of two 
experiments were combined. This result was partially caused by differences in body weight of 
sheep used in two experiments. High correlations was observed between MOEFF and the g 
NTDEi/100 g of OMTDR in both experiments, and when data of the two experiments were 
combined, and the rates of CP to OM digested in the rumen when data of two experiment 
were combined. These results imply that MOEFT requires not only adequate N but also 
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synchronized release of N and carbohydrate. It seems from our results that 3 g of NTDR/lOO 
g of OMTDR are required for optimal MOEFF, which is in agreement with the rate of 30 to 
40g N/kg OM reported to be optimal for efficiency of microbial protein synthesis. This N 
requirement seems to be high, but protein in forages are highly soluble and degradation of 
carbohydrates is slow, resulting in asynchronized release of N and carbohydrate for microbial 
protein synthesis. Increasing the ratio of NTDR:OMTDR may provide an opportunity for 
microbes to capture adequate N for optimal use of energy for microbial growth. Another 
possibility would be to supplement low quality roughages with protein which has slow N 
release in the rumen to better synchronize the release of N with carbohydrate. Otherwise 
energy will not be efficiently utilized for microbial growth, which was confirmed by weak 
correlation between calculated net ATP production and MOEFF. Stepwise multiple 
regression also revealed the importance of particulate turnover rate, the ratio of the rates of 
kcp to kom , net ATP production in the rumen, and ADF intake for MOEFTF. Overall, stepwise 
multiple regression clearly showed the complexity of efficiency of microbial protein synthesis. 
Although positive correlations have been reported between liquid dilution turnover rate and 
efficiency of microbial protein synthesis, we failed to see that correlation in this experiment. 
Because diets used in these experiments were high fiber diets, therefore, majority of bacteria 
in the rumen likely was particulate associated. Rumen microbes leave the rumen with either 
the liquid or solid phases of digesta. The solid phase of digesta consists of indigestible 
materials, mainly undigested NDF and ADF. Therefore, indigestible ADF serves as carrier for 
microbes which attach to solid particulate. Another function of ADF in equations predicting 
MOEFT may be related to intake and digestibility of diets because ADF concentration of 
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forage also has been reported to have role on the DM intake and digestibility of diets of 
ruminant animals. 
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APPENDIX A. SURGICAL AND ANALYTICAL PRCXTEDURES 
Surgical procedure for ruminal cannulation. 
a) Fast animals 24 h before surgery. 
b) Administration of atropin to inhibit salivation and improve respiration. 
c) Induce anesthesia with xylazine, ketamine, and guailenesin 
d) Maintain anesthesia with halothane. 
Ruminal Fistulation 
1- Place animal in standing position. 
2- Inject Lidocain around incision place. 
3- Make a 5 in. long incision in the left paralumbar fosse. 
4- Separate underlying abdominal muscles and peritoneum by blunt dissection. 
5- Withdraw rumen beneath the incision. 
6- Clamp rumen wall and secure to abdominal wall with simple a suture. 
7- Let the rumen wall above clamp fall off (in 7 to 10 days) 
8- Insert cannula. 
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Surgical procedure for duodenal cannulation. 
a) Fast animals 24 h before surgery. 
b) Administration of au-opin to inhibit salivation and improve respiration. 
c) Induce anesthesia with xylazine, ketamine, and guaifenesin 
d) Maintain anesthesia with halothane. 
Duodenal Cannulation 
1- Place animal in left leteral recumbence. 
2- Perform laparatromy just parallel to edge of 10, 11,12th ribs. 
3- Make approximately 5 cm incision. 
4- Perform incision into peritoneal cavity. 
5- Localize position near pyloric sphincter. 
6- Make longitudinal incision in intestinal stump. 
7- Place cannula inside intestinal lumen carefully. 
8- Drape cannula with Dacron. 
9- Make some holes in mesenterium and suture Dacron. 
10- Make sure intestinal loop is not twisted. 
11- Remove skin to exteriorize cannula. 
12- Use puller handle of trocar to reach abdominal cavity. 
13- remove point and insert trocar in stem of cannula. 
14- Pull trocar to exteriorize cannula stem through the body wall. If strong movement is 
performed, repture of intestine will result. 
15- Remove trocar. 
16- Position cannula as naturally as possible. 
17- Drop antibiotic into abdominal cavity. 
18- Close abdominal incision. 
19- Snug intestinal loop against abdominal wall. 
20- Place teflon washer and plug to prevent leaking. 
21- let animal recover. 
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Isolation of Bacteria from Rumen Ruid 
a) Take 1500 ml of rumen fluid from each experimental animal. 
b) Filter rumen fluid through eight layers of cheese cloth. 
c) Mix equal volumes of filtered rumen fluid with saline (0.9% NaCI). 
d) Centrifugate at 500x g for 5 min. 
e) Decant supernatant fluid. 
f) Centrifuge supernatant fluid at 20,000x g for 20 min. 
g) Wash resulant pellet with saline and centrifugate as above. 
h) Wash pellet once more with water and centrifuge again. 
I) Dry the resultant pellet in a freeze drier or in a forced air oven at 60 °C for 48 h. 
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Laboratory protocol for rapid assay of purine content of feed and rumen microbe 
1. Weigh 0.5 g dried, ground sample into 25-ml screw-cap culture tube (if you do nothave 
enough sample, use 0.2-0.3 g of sample and add up starch to .5 g). Hydrolysis may be 
incomplete if sample is wet. 
2. Add 2.5 mL HCIO4 (70%), tighdy cap tube and incubate in 90-95°C water bath for 1 h 
(sample will appear charred). Break pellet for more compete extraction prior to step 3. 
3. Add 17.5 mL NH4H2PO4 (0.0285 M). Mix. Re-insert tube into 90-95 "C water bath for 15 
min. Filter through Watman no. 4 filter paper. Filtrate should have pH near 2 if NH4H2PO4 
has buffering capacity for the sample. 
4. Transfer 0.5 mL filtrate into 15 mL centrifuge tube, add 0.5 mL AgNOj (0.4 M), 9 mL 
NH4H2PO4 (0.2 M), and allow to stand in the dark a minimum of 30 min. Precision may be 
increased by allowing sample to stand overnight at 5°C. 
5. Centrifuge and decant supernatant liquid being careful not to disturb the pelleL 
6. Wash pellet with distilled water adjust to pH 2 with H2SO4 and repeat step 5. 
7. Add 10 mL of 0.5 M HCl; vortex until thoroughly mixed. 
8. Cover tube with marble and incubate in 90-95°C water bath for 30 min. 
9. Read absorbance of supernatant fluid at 260 nm. 
Reagent; 
1. HCIO4, 70% 
2. 0.2 M NH4H2PO4 (23 g L"') 
3. 0.0285 M NH4H2PO4 (143 mL L"' of above solution). 
4. 0.5 N HCI (41.85 mL reagent grade HCl L"') 
5. pH2 water (add H2SO4 to distilled water) 
6. 0.4 M AgNO, (6.9 g 100 ml ') 
Standards: yeast RNA (0.05, O.l, 0.15, 0.2 g) carried through whole procedure and diluted 
1:10 after step 7. and quandfied by ultraviolet spectrophotometry. 
Table adapted from Zinn and Owens (1986). 
Preparation of the standard curve and calculation of RNA contentof duodenal and bacterial 
content; 
The X axis of the standard curve represents the dry weight of yeast RNA in each tube 
corrected for dilution before absorbance read. 
The Y axis represents the absorbance readings. 
In order to obtain RNA concentrations of the bacteria and duodenal samples, the absorbance 
readings are interpolated into the standard curve. 
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APPENDIX B. ADDITIONAL tlESULTS 
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Figure HI. Proportions of total VFA's in the rumen fluid of sheep fed different 
forage based diets. CS=com crop residues alone, Cs-Br-L=com crop residues 
with low level of oat-berseem clover, Cs-Br-H= com crop residues with high 
level of oat-berseem clover, Cs-Alf-L=com crop residues with low level of 
alfalfa hay, Cs-AIf-H= com crop residues with high level of alfalfa hay. 
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Table B1. Regression predicting the amount and efficiency of microbial protein synthesis 
from intake and digestion values in sheep fed different forages in experiment 1 using individual 
data point. 
Equations r" 
Independent 
Variables Growth Efficiency Growth Efficiency 
DMI, %ofBW y= 3.57X - 1.06 y=-.47x- + 3.27x + 8.22 .82 .25 
OMI, %ofBW y = 3.91X- 1.06 y= -.54x" + 3.46x + 8.33 .91 .23 
OMTDR, y = 5.53x -.24 y=- 1.38x- + 5.86x +7.99 .85 .36 
% of BW 
NDFI, %ofBW y= 6.34X - 1.07 a .53 a 
ADH, % ofBW y= 10.8x- 1.54 a .67 a 
kp,h-' y = 140.7X +4.08 y=-1468.8x-+ 196.1X+9.1 .42 .52 
kd,h-' y = 82.5x + .47 y= -88lx^-79.9x+ 15 .15 .26 
ATP, mol/d y = 1.87X- 1.15 a .64 a 
® Not significant, P>.05. 
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Table B2. Regression predicting the amount and efficiency of microbial protein synthesis 
from intake and digestion values in sheep fed different diets in experiment 2 using individual 
data poinL 
Equations r" 
Independent 
Variables Growth Efficiency Growth Efficiency 
DMI, % of BW y= 6.5x-0.8125 y= : - .809x + 14.29 .62 .14 
OMI, % of BW y = :6.87x - .673 y= :-.874x+ 14.31 .63 .14 
OMTDR, y = 9.65x - .34 y= -4.48x^-n.8x + 20.3 .65 .19 
%ofBW 
NDn,% ofBW y = 9.85x + .46 y= - 2.86x^ - 7.55x - 17.6 .44 .12 
ADn,% ofBW y = 18.9x-.4l y= 20.03x^- 25.1X + 20.5 .52 .10 
kp, h-' a y= 1795.3x^- 178x+ 16.1 a .42 
kd, h-' y = 41.4X + 8.74 y= 868.4x^ - 146.9X + 18.6 . 1 1  .27 
NTDRrOMTDR a y= -.84x^ + 3.9x + 8.4 a .28 
ATP, mol/d y = : I.04X + 2.7 a .64 a 
^Not significant, P>.05. 
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Table B3. Regression predicting the amount and efficiency of microbial protein synthesis 
from intake and digestion values in sheep fed different diets in two experiments using 
individual data point 
Equations r^ 
Independent 
Variables Growth Efficiency Growth Efficiency 
DMI, % of BW y= = 6.6x- 1.81 y= :-.79x^ + 3.19x + 9.3 .83 .10 
OMI, % of BW y =7.15x- 1.87 y= :-.91x^ + 3.40x+9.9 .84 .09 
OMTDR y = 11.02X + .2 y= : - 4.28x + 7.48x +9.97 .94 .07 
% ofBW 
NDH, % of BW y = 10.5x - .99 a .57 a 
ADFl, % of BW y 1 X v
q od II a 
.59 a 
y^ = 325x + 1.87 y= -8273..7x^ + 450.6X + 7.26 .37 .24 
kd, h-' a y= 537x -77.2x + 15.2 a .10 
NTDR:OMTDR a y= -.011x^ + .77x+ 10.7 a .62 
ATP, mol/d y^ = 1.29X+ 1.08 a .66 a 
^Not significant, P>.05. 
124 
LITERATURE CITED 
Aldrich, J. M., L. D. MuUer, and G. A. Varga. 1993. Nonstructural carbohydrate and protein 
effects on rumen fermentation, nutrient flow, and performance of dairy cows. J. Dairy 
Sci. 76:1091. 
Araaning-Kwarteng, K., and R. C. Kellaway. 1986. Supplemental protein degradation, 
bacterial protein synthesis and nitrogen retention in sheep eating sodium hyroxide-
treated straw. Br. J. Nuu*. 55:557. 
Amos, H. E., W. R. Windham, and J. J. Evans. 1984. Nitrogen metabolism of feed suncured 
hay and drum dehydrated alfalfa and coastal bermuda grass. J. Anim. Sci. 58:987. 
Argyle, J. L. and R. L. Baldwin. 1989. Effects of amino acids and peptides on rumen 
microbial growth yields. J. Dairy. Sci.72:2017. 
Baldwin, R. L. and S. C. Denham. 1979. Quantitative and dynamic aspects of nitrogen 
metabolism in the rumen; A modeling analysis. J. Anim. Sci. 49:1631. 
Beever, D. E. and B. R. Cottrill. 1994. Protein systems for feeding ruminant livestock: A 
European Assesment J. Dairy Sci. 77:2031. 
Bergen, W. G., D. B. Bates, D. E. Johnson, J. C. Walker, and J. R. Black. 1982. 
Ruminal microbial synthesis and efficiency. In: F. D. Owens (Ed.) Symposium: Protein 
Requirements for Catties, pp. 99 Div. of Agr., Oklahoma State University, Stillwater. 
MP 109. 
Bergner, H. 1991. ATP in the metabolism of ruminant Archives of Animal Nutrition. 
41:665. 
Broderick, G. A. 1987. Determination of protein degradation rates using a rumen 
in vitro system containing inhibitors of microbial nitrogen metabolism. J. Dairy. Sci. 
58:463. 
Broderick. G. A., R. J. Wallace, and E. R. Orskov. 1989. Control of rate and extent of 
protein degradation. In. T. Tsuda, Y. Sasaki, and R. Kawashima (Eds.) Physiological 
aspects of digestion and metabolism in ruminanats: Proceedings of the Seventh 
International Symposium on Ruminant Physiology, pp. 541-592. Academic Press. 
Inc. San Diego, CA. 
Broderick, G. A., and N. R. Merchen. 1992. Markers for quantifying microbial protein 
synthesis in the rumen. J. Dairy Sci. 75:2618. 
125 
Broderick, G. A., J. H. Yang, and R. G. Koegel. 1993. Effect of steam heating alfalfa on 
utilization by lactating dairy cows. J. Dairy Sci. 76:165. 
Broderick, G. A. 1994. Quantifying forge protein quality. In: Fahey, Jr., G. C., M. Collins, 
D. R. Mertens, and L. E. Moser (Eds.) Forage Quality Evaluation, and Utilization. 
American Society of Agronomy, Inc. pp. 200-228. Madison, WI. 
Broderick, G. A. 1995. Desirable characteristics of forage legumes for improving protein 
utilization in ruminants. J. Anim. Sci.73:2760. 
Brown, W. F., and W. D. Pitttnan. 1991. Concentration and degradation of nitrogen and 
fiber fraction in selected Uropical grasses and legumes. Trop. Grassl. 25:305. 
Bryant, M. P. 1973. Nutritional requirement of predominant rumen cellulolytic bacteria. 
Fed. Proc. 32:1809. 
Burroughs, W. A., A. H. Trenkle, and R. L. Vetter. 1974. A system of protein evaluation for 
cattie and sheep involving metabolizable protein (amino acids) and urea fermentation 
potential of feedstuufs. Vet Med. Small Anim. Clin. 69:713. 
Cameron, M. R., T. H. Klusmeyer, G. L. Lynch, and J. H. Clark. 1991. Effects of urea and 
starch on rumen fermentation, nutrient passage to the duodenum, and performance of 
cows. J. Dairy Sci. 74:1321. 
Cecava, M. J., N. R. Merchen, L. C. Gay, and L. L. Berger. 1990. Composition 
of ruminal bacteria harvested from steers as influenced by dietary energy level, feeding 
frequency, and isolation techniques. J. Dairy. Sci. 73:2480. 
Chan, S. C., J. T. Huber, C. B. Theurer, Z. Wu, K. H. Chen, and J. M. Simas. 1997. 
Effects of supplemental fat and protein source on ruminal fermentation and nutrient 
flow to the duodenum in dairy cows. J. Dairy Sci. 80:152. 
Chen, X. B., G. Grubic., E. R. Orskov, and P. Osuji. 1992. Effect of feeding frequency on 
diumal variation in plasma and urinary purine derivatives in steers. Anim. Prod. 
55:185. 
Clark, J. H., T. H. FGusmeyer, and M. R. Cameron. 1992. Microbial protein synthesis 
and flow of nitrogen fractions to the duodenum of dairy cows. J. Dairy Sci. 75:2304. 
Cole, N. A., R. R. Johnson, F. N. Owens, and J. R. Males. 1976. Influence of roughage level 
and com processing method on microbial protein synthesis by beef steers. J. Anim. 
Sci. 43:497. 
126 
Cunningham, FC D., M. J. Cecava, and T. R. Johson. 1994. How of nittogen and amino 
acids in dairy cows fed diets containing supplemental feather meal and blood meal. J. 
Dairy Sci. 77:3666. 
Czerkawski, J. W. 1976. Chemical composition of microbial matter in the rumen. J. Sci. 
Food. Agric. 27:621. 
De Visser, H., P. L. Van Der Togt, H. Huisert, and S. Tamminga. 1992. Structural and non­
structural carbohydrates in concentrate supplements of silage-based dairy cow rations. 
Rumen degredation, fermentation and kinetics. Netherlands journal of Agricultural 
Science. 40:431. 
Djouvinov, D. S. and N. A. Todorov. 1994. Influence of dry matter intake and passage 
rate on microbial protein synthesis in the rumen of sheep and its estimation by 
cannulation and a non-invasive method. Animal Feed Science and Technology. 
48:289. 
Doreau, M., A. Ferlay, and Y. Elmeddah. 1993. Organic matter and niu-ogen digestion by 
dairy cows fed calcium salts of rapeseed oil fatty acids or rapeseed oil. J. Anim. Sci. 
71:499. 
Erasmus, L. J., and P. M. Botha. 1994. Effect of protein source on ruminal fermentation 
and passage of amino acids to the small intestine of lactating cows. J. Dairy Sci. 
77:3655. 
Erfle, J. D., F. D. Sauer and S. Mahadevan. 1977. Effect of ammonia concentration on 
activity of enzymes of ammonia assimilation and on synthesis of amino acids by mixed 
rumen bacteria in continuous culture. J. Dairy Sci. 60:1064. 
Farquhar, A. S. 1985. Kinetics of alfalfa nitrogen and cell wall disappearance from 
ruminally-incubated dacron bags. Ph.D. Thesis. Iowa State University, Ames. 
Faulkner, D. B., T. J. Klopfenstein, T. N. Trotter, and R. A. Britton. 1985. Monensin effects 
on digestibility, ruminal protein escape and microbial protein synthesis on high-fiber 
diets. J. Anim. Sci. 61:654. 
Ferlay, A., F. Legay, D. Bauchart, C. Poncet, and M. Doreau. 1992. Effect of supply of raw 
or extruded rapeseeds on digestion in dairy cows. J. Anim. Sci. 70:915. 
Firkins, J. L., L. L. Berger, N. R. Merchen and G. C. Fahey, Jr. 1986. Effects of forage 
particle size, level of feed intake and supplemental protein degradability on microbial 
protein synthesis and site of nuuient digestion in steers. J. Anim. Sci. 62:1081. 
127 
Forsberg, C. W., and K. Lam. 1977. Use of adenosine 5'-triphosphate as an indicator of the 
microbiota biomass in rumen contents. Appl. Environ. Microbiol. 33:528. 
Fujihara, T. E., E. R. Orskov, P. J. Reeds, D. J. Kyle. 1987. The effect of protein infusion on 
urinary excretion of purine derivatives in ruminants nourished by intragastric infusion. 
J. Agric. Sci. (Camb.) 109:7. 
Galgal, K. K., N. P. McMeniman, and B. W. Norton. 1994. Effect of copra expeller 
pellet supplementation on the flow of nutrients from the rumen of sheep fed low 
quality pangola grass. Small Ruminant Research. 15:31. 
Gomes, M. J., F. D. Hovell, and X. B. Chen. 1994. The effect of starch supplementation 
of straw on microbial protein supply in sheep. Animal Feed Science and Technology. 
49:277. 
Grigsby. K. N., F. M. Rouquette, W. C. Ellis, and D. P. Hutcheson. 1991. Use of self-
limiting fishmeal and com supplements for calves grazing rye-ryegrass pasture. 
Journal of Production Agriculture. 4:476. 
Griffith, W. K. 1978. Forages in the United States, a perspective. J. Anim. Sci. 47:708. 
Grishwold, K. E., W. H. Hover, T. K. Miller, and W. V. Thayne. 1996. Effect of form of 
nitrogen on growth of ruminal microbes in continuous culture. J. Anim. Sci. 74:483. 
Hendrickx, H. 1961. The incorporation of sulfate in the ruminal proteins. Arch. Int. Physiol. 
Biochim. 69:449. 
Henning, P. H., D. G. Steyn, and H. H. Meissner. 1993. Effect of synchronization of 
energy and nitrogen supply on ruminal characteristics and microbial growth. J. Anim. 
Sci. 71:2516. 
Herrera-Saldana, R., R. Gomez-Alarcon, M. Torabi, and J. T. Huber. 1990. Influence of 
synchronizing protein and starch degradation in the rumen on nutrient utilization and 
microbial protein synthesis. J. Dairy Sci. 73:142. 
Hespell, R. B. and M. P. Bryant 1979. Efficiency of rumen microbial growth: 
Influence of some theoretical and experimental factors on J. Dairy Sci. 49:1640. 
Holden, L. A., L. D. Muller, G. A. Varga, and P. J. Hillard. 1994. Ruminal digestion and 
duodenal nutrient flows in dairy cows consuming grass as pasture hay or silage. J. 
Dairy Sci. 77:3034. 
Hoover, W. H., and S. R. Stokes. 1991. Balancing carbohydrates and proteins for 
optimum rumen microbial yield. J. Dairy Sci. 74:3630. 
128 
Hoveland, C. S. 1986. Beef-forage systems for southeastern United States. J. Anim. Sci. 
63:978. 
Hume, I. D., R. J. Moir, and M. Somers. 1970. Synthesis of microbial protein in the 
rumen. I. Influence of the level of nitrogen intake. Australian J. Agr. Res. 25:155. 
Ibrahim, E. A., and J. G. Ingalls. 1972. Microbial protein biosynthesis in the rumen. J. Dairy 
Sci. 55:971. 
Dig, D. J. 1990. Influence of protein degradation and lipid source on ruminal fermentation in 
continuous culture. Ph.D. Diss., Univ. Minnesota, SL Paul. 
Jenkins, T. C., and D. L. PalmquisL 1984. Effect of fatty acids or calcium soaps on rumen 
and total nutrient digestibility of dairy rations. J. Dairy Sci. 67:978. 
Jones, B. A., R. D. Hatfield, and R. E. Muck. 1995. Characterization of proteolysis in alfalfa 
and red clover. Crop Sci. 35:537. 
Jones, F. D., W. H. Hoover, and T. K. Miller Webster. 1998. Effects of concentrations of 
peptides on microbial metabolism in continuous culture. J. Anim. Sci. 76:611. 
Kayouli, C., C. J. VanNevel, R. Dendooven, and D. I. Demeyer. 1986. Effect of 
defaunation and refaunation of the rumen on rumen fermentation and N-flowing the 
duodenum of sheep. Arch. Anim. Nutr. 36:827. 
Klusmeyer, T. H., R. D. McCarthy, Jr., and J. H. Clark. 1990. Effects of source and 
amount of protein on ruminal fermentation and passage of nuuients to the small 
intestine of lactating cows. J. Dairy Sci. 73:3526. 
FGusmeyer, T. H., G. L. Lynch, J. H. Clark, D. R. Nelson. 1991. Effects of calcium salts of 
fatty acids and proportion of forage in diet on ruminal fermentation and nutrient flow 
to duodenum of cows. J. Dairy Sci. 74:2220. 
Kroop, J. R., R. R. Jonhson, J. R. Males and F. N. Owens. 1977. Microbial protein 
synthesis with low quality roughage rations: Level and source of nitrogen. J. Anim. 
Sci. 46:844. 
Kopecny, J., and R. J. Wallace. 1982. Cellular location and some properties of 
proteolytic enzymes of rumen bacteria. Appl. Environ. Microbial. 43:489. 
Ludden, P. A., and Cecava. 1995. Supplemental protein sources for steers fed corn-
based diets: 1. Ruminal characteristics and intestinal amino acid flows. J. Anim. Sci. 
73:1466. 
129 
Mabjeesh, S. J. A. Arieli, I. Bruckental, S. Zamwell, and H. Tagari. 1997. Effect of niniinal 
degradability of crude protein and nonstructural carbohydrates on the efficiency of 
bacterial crude protein synthesis and amino acid flow to the abomasum of dairy cows. 
J. Dairy Sci. 80:2939. 
Maeng, W. J., and R. L. Baldwin. 1976. Factors influencing the rumen microbial growth 
rates and yields: effect of urea and amino acids over time. J. Dairy Sci. 59:643. 
Makkar, H. P. S., M. Blummel, and K. Becker. 1995. In vitro effects of and interactions 
between tannins and saponins and fate of tannins in the rumen. Journal of the 
Science of Food and Agriculture. 69:481. 
Mathers, J. C., and E. L. Miller. 1981. Quantitative studies of food protein degradation and 
the energetic efficiency of microbial protein synthesis in the rumen of sheep given 
chopped lucerne and rolled barley. Br. J. Nutr. 45:604. 
McAllan, A. B., J. D. Sutton, D. E. Beever, and D. J. Napper. 1994. Rumen fermentation 
characteristics and duodenal nutrient flow in lactating dairy cows receiving two types 
of grass silage with two levels of concentrates. Anim. Feed Sci. and Technol. 46:227. 
McCarthy, R. D., Jr., T. H. Klusmeyer, J. L. Vinici, and J. H. Clark. 1989. Effects of source 
of protein and carbohydrate on ruminal fermentation and passage of nutrients to the 
small intestine of lactating cows. J. Dairy Sci. 72:2002. 
Merchen, N. R., and L. D. Satter. 1983. Digestion of nitrogen by Iambs fed alfalfa conserved 
as baled hay or as low moisture silage. J. Anim. Sci. 56:943. 
Merchen, N. R., J. L. Firkins, and L. L. Berger. 1986. Effect of intake and forage level on 
ruminal turnover rates, bacterial protein synthesis and duodenal amino acid flow in 
sheep. J. Anim. Sci. 62:216. 
Mullahey, J. J., S. S. Waller, K. J. Moore, L. E. Moser, and T. J. Klopfenstein. 1992. In 
situ ruminal protein degradation of switchgrass and smooth bromegrass. Agron. J. 
84:183. 
Newbold, C. J., D. G. Chamberlain, and P. C. Thomas. 1988. Effect of intraruminal infusions 
of sodium bicarbonate on the rate of passage and degradation of dietary protein in 
cows given a silage-based diet J. Sci. Food Agric. 42:287. 
Nocek, J. E., and J. B. Russell. 1988. Protein and energy as an integrated system. 
Relationship ruminal protein and carbohydrate availability to microbial protein 
synthesis and milk production. J. Dairy Sci. 71:2070. 
130 
NRC. 1984. Nutrient Requirements of Beef Cattle (6th Ed.). National Academy Press, 
Washington, DC. 
NRC. 1996. Nutrient Requirements of Beef Cattle (7th Ed.). National Academy 
Press, Washington, DC. 
Obitsu, T., KTaniguchi, and Y Yaraatani. 1992. Effects of ruminal infusion rate of urea 
on digestion and nitrogen utilization in ruminants. Animal Science and Technology. 
63:277. 
Orskov, E. R. 1992. Protein Nutrition in Ruminants (2nd Ed.), pp.175. Academic Prees. 
San Diego, CA. 
Pimentel, D., P. A. Oltenacu, M. C. Nesheim, J. Krummel, J. S. Allen and S. Chick. 1980. 
The potential for grass-fed livestock; resource constraints. Science 207:843. 
Polan, C. E. 1988. Update: Dietary protein and microbial protein contribution. J. Nutr. 
118:242. 
Puchala, R. and G. W. Kulasek. 1992. Estimation of microbial protein flow from the 
rumen of sheep using microbial nucleic acid and urinary excretion of purine 
derivatives. Can. J. Anim. Sci. 72:821. 
Rahnema, S. H., and B. Theurer. 1986. Comparison of various amino acids for estimation of 
microbial nitrogen in digesta. J. Anim. Sci. 63:603. 
Rahnema, S. H., B. Theurer, J. A. Garcia, W. H. Hale, and M. C. Young. 1987. Site of 
protein digestion in steers fed sorghum grain diets. U. Effect of grain processing 
methods. J. Anim. Sci. 64:1541. 
Reed, J. D. 1995. Nutritional toxicology of tannins and related polyphenols in forage 
legumes. J. Anim. Sci. 73:1516. 
Rode, L. M., D. C. Weakley, and L. D. Satter. 1985. Effect of forage amount and particle 
size in diets of lactating dairy cows on site of digestion and microbial protein synthesis. 
Can. J. Anim. Sci. 65:101. 
Rowe, J. B., A. Davies, and A. W. J. Broome. 1985. Quantitative effects of defaunation 
on rumen fermentation and digestion in sheep. Br. J. Nutr. 54:105. 
Satter, L. D. and L. L. Slyter. 1974. Effect of ammonia concentration on rumen 
microbial protein production in vitro. Br. J. Nutr.32:199. 
131 
Salter, L. D., and R. E. Roffler. 1977. Influence of nitrogen and carbohydrate inputs on 
rumen fermentation. In. W. Haresign and D. Lewis (Eds.) Recent Advances in 
Animal Nutrition. Butterworth Inc., Boston, MA. 
Salter, L. D. 1981. A raetabolizable protein system keyed to ammonia concentration- the 
Wisconsin system, pp. 245-262 In F.N. Owens, Ed. Protein Requirements for Catde: 
Symposium. MP-109. Division of Agric. Oklahoma State University., Stilwater. 
Salter, D. N., K. Daneshvar and R. H. Smith. 1979. The origin of nitrogen incorporated 
into compound in the rumen bacteria of steers given protein- and urea-containing 
diets. Br. J. Nutr. 41:197. 
Salter, D. N., R. H. Smith and D. Hewitt 1983. Factor affecting capture of dietary 
nitrogen by micro-organisms in the forestomaches of the young steer. Experiments 
with ['^N] urea. Br. J. Nutr. 50:427. 
Siddons, R. C., R. T. Evans, and D. E. Beever. 1979. The effect of formaldehyde treatment 
before ensiling on the digestion of wilted grass silage by sheep. Br. J. Nutr. 42:535. 
Sinclair, L. A., P. C. Gamwonhy, J. R. Newbold, and P. J. Buttery. 1993. Effect of 
synchronizing the rate of dietary energy and nitrogen release on rumen fermentation 
and microbial protein synthesis in sheep. J. Agric. Sci. 120:251. 
Sinclair, L. A., P. C. Gamworthy, J. R. Newbold, and P. J. Buttery. 1995. Effect of 
synchronizing the rate of dietary energy and nitrogen in diets with a similar 
carbohydrate composition on rumen fermentation and microbial protein synthesis 
in sheep. J. Agric. Sci. 124:463. 
Singh, B. and T. J. FGopfenstein. 1994. FGnetics of microbial protein production and in 
vitro digestibility of straw ammoniated and/or supplemented with NPN and 
protein. Indian Journal of Animal Sciences. 64:867. 
Smith, R. H., and A. B. McAllan. 1970. Nucleic acid metabolism in the ruminants. 2. 
Formation of microbial nucleic acids in the rumen in relation to the digestion of feed 
nitrogen, and the fate of dietary nucleic acids. Br. J. Nutr. 24:545. 
Smith, R. W. 1979. Synthesis of microbial nitrogen compounds in the rumen and their 
subsequent digestion. J. Anim. Sci. 49:1604. 
Sniffen, C. J., J. D. O'Conner, P. J. Van Soest, D. J. Fox, and J. B. Russell. 1992. A net 
carbohydrate and protein system for evaluating cattie diets: II. Carbohydrate and 
protein availability. J. Anim. Sci. 70:3562. 
132 
Sniffen, C. J., and P. H. Robinson. 1987. Symposium: Protein and fiber digestion, passage, 
and utilization in lactating cows. J. Dairy Sci. 70:425. 
Stem, M. D. and W. H. Hoover. 1979. Methods for determining and factors affecting rumen 
microbial protein synthesis: A review. J. Anim. Sci. 49:1590. 
Stem, M. D., P. M. Windschitl, and W. J. Wong. 1986. The simultaneous use of 
diamonopimelic acid and purines as markers for estimating ruminal bacterial protein 
synthesis and degradation in continuous culture, pp. 14 In. Proc. Comp. Aspects 
Physiol. Digestion in Ruminants. Cornell Univ., Ithaca, NY. 
Stem, M. D., G. A. Varga, J. H. Clark, J. L. Firkins, J. Huber, D. L. Palmquist. 1994. 
Symposium: Metabolic relationships in supply of nutrients for milk protein synthesis. 
J. Dairy Sci. 77:2762. 
Stokes, S. R., W. H. Hoover, T. K. Miller, and R. Blauweikel. 1991. Ruminal digestion and 
microbial utilization of diets varying in type of carbohyrate and protein. J. Dairy. Sci. 
74:871. 
Surber, L. M. M., and J. G. P. Bowman. 1998. Monensin effects on digestion of com or 
barley high-concentrate diets. J. Anim. Sci. 76:1945. 
Tamiguchi, K., T. Watanabe, S. Nakamura, and T. Obitsu. 1994. Site and extent of digestion 
and nitrogen use in steers fed high-protein diets containing different protein and starch 
sources. Animal Science and Technology. 65:775. 
Tamminga, S. 1979. Protein degradation in the forestomaches of ruminants. J. Anim. Sci. 
49:1615. 
Umunna, N. N., P. O. Osuji, I. V. Nsahalai, H. Khalili, and M. A. Mohamed-Saleem. 1995. 
Effect of supplementing oat hay with lablab, sesbania, tagasaste, or wheat middlings 
on voluntary intake, N utilization and weight gain of Ethiopian Menz sheep. Small 
Rum. Res. 18:113. 
Vagnoni, D. B., G. A. Broderick, and M. K. Clayton. 1997. Excretion of purine derivatives 
by Holstein cows abomasally infused with incremental amounts of purines. J. Dairy 
Sci. 80:1695. 
Varvikko, T. and J. E. Lindberg. 1985. Estimation of microbial nitrogen in nylon-bag 
residues by feed dilution. Br. J. Nutr. 54:473. 
Van Soest, P. J. 1994. Nutritional Ecology of the Ruminant, pp.476. Cornell 
University Press. New York, NY. 
133 
Voigt, J., W, Jentsch, U. Schonhusen, M. Beyer, and F. Kreienbring. 1993. Influence of 
starch sources barley, maize, potatoes and their dietary proportions on nutrient 
digestibility and energy utilization in ruminants. Archives of Animal Nutrition. 
44:369. 
Waghom, G. C., M. J. Ulyatt, A. John, and M. T. Fisher. 1987. The effect of condensed 
tannins on the site of digestion of ammo acids and other nutrients in sheep fed on 
Lotus comiculatus L. Br. J. Nutr. 67:115. 
Wallace, R. J., and M. L. Brammal. 1985a. The role of different species of bacteria in the 
hydrolysis of protein in the rumen. J. Gen. Microbial. 131:821. 
Wallace, R. J., and K. N. Joblin. 1985b. Proteolytic activity of a rumen anaerobic fungus. 
Fed. Eur. Microbial. Soc. Microbial. Lett 29:19. 
Wallace, R. J., and C. A. Munro. 1986. Influence of the rumen anaerobic fungus 
Neocallimastix frontalis on the proteolytic activity of a defined mixture of rumen 
bacteria growing on a solid substrate. Lett Appl. Microbial. 3:23. 
Wallace, R. J. 1985c. Synergism between different species of proteolytic rumen bacteria. 
Curr. Microbial. 12:59. 
Wallace, R. J. 1991. Rumen proteolysis and its control. In; J. P. Jouany (Ed.) Rumen 
Microbial Metabolism and Ruminant Digestion, pp. 131-150. INRA. Paris.. 
Waltz, D. M., M. D. Stem, and J. lUg. 1989. Effect of ruminal protein degradation of blood 
meal and feather meal on the intestinal amino acid supply to lactating cows. J. Dairy 
Sci. 72:1509. 
Wanderley, R. C., J. T. Huber, Z. Wu, M. Pessarakli, and C. Pontes, Jr. 1993. Influence of 
microbial colonization of feed particles on determination of nitrogen degradability by 
in situ incubation. J. Anim sci. 71:3073. 
Weakley, D. C., M. D. Stem, and L. D. Satter. 1989. Factors affecting disappearance of 
feedstuffs from bags suspended in the rumen. J. Anim. Sci. 56:493. 
Weiden, W. F., H. J. Hodgson, and N. L. Jacobson. 1975. Utilizing plant and animal 
resources in producing human food. J. Anim. Sci. 41:667. 
Weisbjerg, M. R., T. Hvelplund, and B. M. Bibby. 1994. Nutrient metabolism in the 
digestive ttact of cows fed different amounts of soybean meal or urea together with 
whole crop barley and modelling of the rumen protein metabolism. Forskningsraport-
fra-Statens-Husdyrbmgsforsog. 27:25. 
134 
Weller, El. A., F. V. Gray, and A. F. Pilgrim. 1958. The conversion of plant nitrogen to 
microbial nitrogen in the rumen of the sheep. Br. J. Nutr. 12:421. 
Wiedraeir, R. D., J. R. Males, and C. T. Gaskins. 1983. Effect of dietary crude protein on 
the dry matter digestibility of wheat straw diets in cattle. J. Anim. Sci. 57:1568. 
Wilkerson, V. A., T. J. Klopfenstein, and W. W. Stroup. 1995. A collaborative study of in 
situ forage protein degradation. J. Anim. Sci. i^:583. 
Williams. P. P. and E. D. William. 1973. Amino acid and fatty acid composition of 
bovine ruminal bacteria and protozoa. J. Anim. Sci. 36:151. 
Yang, J. H., G. A. Broderick, and R. G. Koegel. 1993. Effect of heat treating alfalfa hay on 
chemical composition and ruminal in vitro protein degradation. J. Dairy Sci. 76:154. 
Zinn, R. A. and F. N. Owens. 1986. A rapid procedure for purine measurement and its use 
for estimating net ruminal protein synthesis. Can. J. Anim. Sci. 66:157. 
135 
ACKNOWLEDGEMENTS 
I would like to express ray sincere thanks and appreciation to Dr. James R. Russell for 
his support, advice, guidance, and supervision during the course of this work. His support, 
encouragement, and understanding in professional matter were essential to make this work 
possible. 
I also would like to acknowledge my committee members, Drs. S. Bamhart, N. 
Ghoshal, K. Moore, M. Rasraussen, A. Trenkle for their advice, support, and opening their 
laboratories for my use. 
A special thanks goes to Dr M. A. Cerrillo for the surgical preparation of animals. Deb 
Libo for her assistance with VFA analysis, Trish Patrick for her assistance with freeze-drying 
ray samples. Amber Pugh, Deb BleUe, Julie Roberts, Marry Herman, Matt Hersom, Rod 
Berryman, Paul Summer, Sonja Kremer, and the animal caretakers of Beef Nutrition Farm for 
their assistance during the course of this work. 
Finally, I would Uke thank to my mother, my wife and my two children Hilmi Baha and 
Beyza Betul for their love, support and patience. 
IMAGE EVALUATION 
TEST TARGET (QA-3) 
1.0 
I.I 
1.25 
1^ 1^ 
1^ 
13.6 
\M 
2.2 
1.4 
[2.0 
1.8 
1.6 
1 OUlTIIII 
0 
<P 7 
v> > 
// 
y 
ylRPLIED ^ IIVWGE . Inc 
1653 East Main Street 
-^='- Rcx:hester, NY 14609 USA 
Phone; 716/482-0300 
Fax: 716/288-5989 
O 1993. Applied Image. Inc.. All Rights Reserved 
